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Thc Twelfth Internatioral Conference on Lasers and Applications was held in New
Orleans, Louisiana, December 3rd through December 8, 1989. The meeting brought together
participants from throughout the world, and provided a forum for both formal and informal
discussions. This volume is a record of the exciting research papers presented at the
CO1ference.

The Keynote Address was delivered by Professor William T. Silfvast of the Center for
Research in Electro-Optics and Lasers at the University of Central Florida. In a paper
entitled, "Plasma Lasers: Promises and Limitations", Professor Silfvast provided new
p)erspcctives and new insights into plasma lasers. He also suggested some resea.rch avenues
which would lead to more efficient laser operation and to the development of new lasers at
shorter wavelengths.

Dr. I"rank J. Duarte organized a popular and well attended panel discussion on the
Strategic Inefense nitiative. Professor Charles Brau graciously served as Moderator for
the spirited and thought-provoking remarks of the Panel Members and the audience. We

t these gentlemen, the Panel Members, and the audience for their participation.

The 1989 Einstein Prize for Laser Science was shared by two scientists: Professor H.
Lfef'r ey Kimble of the California Institute of Technology and Dr. Richard E. Slusher of
A1&1' Bell Laboratories. Professor Kimble discussed his research in a paper entitled:
"Squeezed States of Light" and Dr. Slusher elucidated his investigations in a paper
er ntitled: "Squeezed light Enhanced Microscopy".

The "Lasers '89 Award" for the best contributed paper, reflecting the most innovative
and t inely research, was also shared by two research groups. The first was "Application
of a Novel Picosecond Pulsed Laser Driven X-Ray Source in Time Resolved Diffraction
Experiments", by Dr. B. Van Wonterghem and Professor P. M. nentzepis of the University of
California at Irvine. The second paper honored was "Measurement of Absorption and
Ele.-trostriction in Gases Near 1.06 Wm", by Drs. M. M. Tilleman and S. F. Fulghum of
Scie-nc'e Research Laboratory Inc.

We wish to express our appreciation to the Program Committee for their valuable
ssista:nce and counsel. The Society for Optical and Quantum Electronics provided

excellent management, organization and editorial support. In particular the efforts of
Dr. Vincent I. Corcoran as Conference Chairman and Ms. Kathleen Duke as Conference
Secrctary/Treasurer are greatly appreciated. We gratefully acknowledge the generous
financial support of the Society for Optical and Quantum Electronics, the U.S. Army
Research Office, the U.S. Air Force Office of Scientific Research (EOARD), the Eastman
Kod:k Company (Photographic Products Group and MCED), EG&G Princeton Applied Research, New
Mexico State University and the Rockwell international Corporation.

Dennis (;. Harris
Canoga Park, CA

Tb e!n; s M . Shay
,-s Cruces , NM

J. inuarj 199)0
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PLASMA LASERS: PROMISES AND LIMITATIONS

William T. Silfvast
Professor of Physics and Electrical Engineering

University of Central Florida
Center for Research in Electro-Optics and Lasers

12424 Research Parkway
Orlando, Florida 32826

Abstract

Most gaseous or plasma layers operate in a regime where the electron or plasma density is
high enough to be a limiting factor in laser power output. Improvements can therefore only
be achieved by increasing the ratio of upper-laser-level population to electron density.
Two relatively unstudied types of lasers, recombination-pumped lasers and photoionization-
pumped lasers, have the potential to improve this ratio and thus, yield higher efficiency.

Introduction

Since the demonstration of the first laser1 in 1960, considerable effort has been expended
in discovering and developing new lasers and improving older ones. Occasionally,
calculations are made or parameters are further optimized on an existing laser to try to
obtain more power output. The large field of gas or plasma lasers is no exception in this
attempt towards optimization. Plasma lasers span a much larger wavelength range than any
other class of lasers, from the far infrared to the soft-x-ray regions of the spectrum.
But, for the most part, these lasers have evolved over the years from efforts of relatively
separate groups of researchers who have expertise in specific types of discharges or
plasmas.

It seems appropriate at this time to try to look at this class of lasers as a whole, rather
than at specific parts, and try to come to some conclusions about plasma lasers in general.
Another way of wording the title might be: "Plasma Lasers: How are we doing?"

Requirements For Making A Laser

There are two principal requirements for making a laser. The first is a population
inversion. This requirement is a necessary but rot a sufficient condition for laser
action. The second requirement is having enough population in the upper-laser-level (or
enough difference in population between the upper and lower laser levels) to produce enough
gain for the laser intensity to reach the saturation level during the excitation or pumping
cycle. This requirement is the "sufficient" requirement and is in fact the much more
critical and difficult-to-achieve requirement.

Population Inversion

It can be shown by a simple analysis of an atomic or molecular species that if one excites

such a system to produce a population of high-excited energy levels, a very large number of

inversions will automatically occur amongst the various excited levels as the population

relaxes back to the ground state during the pumping cycle. This is due to the fact that,

as you go to the higher and higher energy levels and thus higher principal quantum numbers

of the species, the radiative decay rate of those levels to all lower-lying levels

continues to decrease. Thus, when the excited population reduces to the point where

radiative decay dominates over all other decay processes, the lower levels will decay

faster than the higher levels and inversions will be established throughout the spectrum of
levels. Hence, population inversions are almost always inevitable.

Thus, it is not surprising that population inversions were observed at 182 A in a decaying

carbon plasma 2 as early as 1974, long before the first soft-x-ray laser was achieved in

1985 in a selenium plasma. The report in 1974 generated a lot of interest at the time. It

would have been much more surprising, however, if an inversion had not been seen! The

observed gain was only .000003, far too small to make a laser. In fact, even with all of

the more recent efforts to make a laser on the carbon transition
4 , a large enough inversion

has yet to be achieved that will allow the intensity to reach saturation, the test of a

true laser.



Enough Upper-Laser-Level Population

The difficult process in producing a laser is in achieving enough population in the upper-
laser-level (while still maintaining an inversion) to produce enough gain to allow the
amplified beam to reach saturation and thus begin to efficiently extract energy from the
amplifier. The reason this is difficult is that, as the medium is pumped harder (to
produce more excited states), more detrimental species such as free electrons are produced
which tend to reduce or destroy the population inversion. For example, electron collisions
with atoms tend to be relatively unselective in exciting various energy levels. The net
result is that higher pumping rates tend to drive populations more toward thermal
equilibrium, a distribution that is not inverted and is consequently far from the large
inversions that are necessary for laser action.

How much upper-laser-level population is enough? "Enough" can be quantified as a
dimensionless number, equal to the product of the stimulated emission cross section times
the population difference between the upper and lower laser level times the effective gain
length, with a value approximately equal to 10. The stimulated emission cross section is
proportional to wavelength and thus decreases linearly towards shorter wavelengths. The
effective gain length is the length of the gain medium the beam can pass through, and
extract energy from, before it exists the medium. For a gain medium with no mirrors this
would be just the length of the amplifier. For a medium with one mirror, this would be
twice the length of the medium. For a medium with mirrors at each end of the elongated
amplifier, aligned parallel to each other and normal to the amplifier axis, the effective
length can be up to 100 to 200 times the amplifier length depending upon the reflectivity
of the mirrors.

Thus, while making lasers at any wavelength is not an easy task (until you know how, of
course), making them at shorter wavelengths is much more difficult. Not only does the
stimulated emission cross section get smaller, but mirror reflectivities become
significantly lower, thereby producing a smaller effective amplifier length. Also, the
lifetime of upper-laser-levels becomes shorter at shorter wavelengths, resulting in a
shorter duration that the excited population remains, to benefit from the reflected beam
from the mirrors, thereby shortening the effective gain length even more. It is thus not
too surprising that the first lasers were developed in the infrared, then came visible
lasers and then a few ultraviolet lasers. Vacuum ultraviolet lasers are very few and far
between and XUV and soft-x-ray lasers (if defined as beams that reach saturation within the
amplifier) are almost non-existent.

Improvement In Laser Output

From the simple analysis discussed above, the laser output can be improved by two possible
techniques. Either the effective length can be increased or the population in the upper-
laser-level can be increased.

Increased Gain Length

Increasing the gain length seems like an obvious and simple choice in improving laser
output. It can, at the most, double the laser output for a doubling of the gain length if
the original length is already long enough to bring the intensity above saturation. In
fact, the output does not quite double since the geometry factors are such that as the
mirrors get farther apart, the requirements for reaching saturation are actually increased
somewhat and the efficiency decreases. As a practical matter, users prefer smaller lasers
rather than larger ones and thus increasing the length is not necessarily effective. One
of the principal drives towards semiconductor lasers, in addition to their efficiency, is
their compact size. In many instances, doubling the size or length of a laser would make
it unusable in a product.

Increased Power Input

Increasing the power input per unit gain volume, to provide a higher excitation rate to the
upper laser level, seems like a more desirable choice than increasing the effective gain
length. Not only could the size of the laser be kept down, but presumably the output would
go up, thereby not only increasing the usefulness but perhaps decreasing the production
cost by allowing a smaller laser to be made for the same power level. Why then is this not
routinely done? What are the limitations in power input per unit volume?

2



By a simple energy analysis it can be shown that for a one-percent efficient laser with an
effective gain length of 10 cm (including mirror considerations) the power output per unit
volume can be written as:

Power/volume = 3.6xlO-15/Lx A 4  (Watts/cm-3 )

where L is the gain length in centimeters and ; is the wavelength in centimeters. Longer
effective gain lengths will reduce the coefficient by the appropriate length ratio.

Limitations

Power Input

A limitation that becomes apparent by looking at the above equation is that power input is
a serious problem at shorter and shorter wavelengths. While there is no problem in
operating a helium-neon laser at 6328 A with a power input of 10-20 Watts/cm3 , it becomes
extremely difficult to inject 1010 - l01l Watts/cm3 to attempt to make a 100 A laser or
even more improbable to try to deposit 1014 - 1015 Watts/cm3 to make a 10 A laser. A
second limitation is that in injecting more power to make the upper-level-population
higher, the gain can also become higher thus producing stimulating emission in unwanted
directions thereby limiting the potential increase in output power.

Thermalization

While both of these conditions are restrictive, neither is a universal problem. There is,
however, one universal problem: thermalization! Thermalization is nature's way of bringing
things to a normalized condition. If species such as gaseous atoms interact by collisions
at a high enough rate then they will reach a distribution in population and velocity that
is related to a Boltzman temperature distribution (which does not allow the possibility of
a population inversion). The only methods of dealing with this problem are to either put
the energy into the gain medium and extract the beam before thermalization occurs (rapialy-
pulsed lasers), or to operate under conditions where thermalizing effects don't occur so as
to take advantage of radiative decay, which is a non-thermalizing process that can dominate
at lower gas densities.

Thermalization almost always occurs in gas lasers via electrons (which are present in all
gas lasers, some much more than others). Hence, the reference to plasma lasers in the

title of the paper. The simplest way to estimate the deletirious effects of electrons is

to calculate the electron density ne, at which electron collisional decay from a given

level equals or exceeds the radiative decay from that level 5 . This electron density,

denoted as nemax, is equal to:

nemax = 0.13xTe
0 .5/)

3

where Te is the electron temperature in degrees Kelvin and A is the wavelength in

centimeters. It can be seen that this equation is strongly wavelength dependent. Any

value of ne above nemax for a given wavelength will preclude an inversion. Therefore,

since this is an important parameter, Table I shows a listing of various plasma lasers,

their respective wavelengths, the associated ne
m ax , the experimental value of ne reported

for each laser, and the upper-laser-level density, NULL It can be seen that the measured
or estimated volume of ne is at or near n max for most plasma lasers. The only exceptions

are the very low plasma density, low-input-power helium-neon and helium-cadmium lasers,

which operate in a unique low-current regime as compared to most plasma lasers, and the
carbon soft-x-ray laser which is produced in such a way that nemax cannot be reached.
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TABLE I

Laser Laser nemax (cm-3 ) ne (cm- 3) NULL (cm- 3) NULL/nemax
Type Wavelength

(angstroms)

Pb 7229 8x10 1 3  
ix10 1 4  7x10 1 2  0.09

He-Ne 6328 9x10 13  1x10 11  8x10 9  0.00009

Cu 5105 ix10 14  ix10 14  9x10 I I  0.009

Ar+  4880 1x10 14  2x10 14  2x10 9  0.00002

He-C 4416 1.3x10 14  1x10 12  4x10 11  0.003

Ar+ +  3360 2x10 14  1x10 14  2x10 9  0.00005

KrF 2480 1x10 15  8x10 14  ixl0 14  0.1

Xe 1089 5x10 16  2x10 1 6  2x10 1 3  0.0004

Se 2 4 + +  206 9x10 1 9  2x10 2 0  7x10 1 5  0.00008

C5+ 182 1x10 2 0  5xl0 1 8 3x10 1 5  0.00003

Since most plasma lasers involve ionic laser levels, the maximum NULL would be equal to
max divided by the charge state X of the laser species. Thus, the maximum possible ratio

of NULL/nemax is of the order of unity or slightly less, depending upon the ionization
stage Z of the laser state.

Since electron densities are at or near n max for most well-known lasers, it can be
expected that increasing the pumping power, which directly increases the electron density,
will not produce an increase in the laser output. If ne is increased above nemax NULL
will not increase because electron collisions will either maintain or reduce that density,
thereby decreasing the efficiency of the laser.

Increased Efficiency

The only way to increase the efficiency of lasers is to increase the ratio of NuLI/nemax.
From Table I, it can be seen that lasers such as the Ar+, the Ar++, and the Se'p lasers
have the lowest ratios of NULL/ nemax, whereas excimer lasers have one of the highest
ratios. The low ratios result from the excitation mechanism of direct electron collisions.
Because electron collisions are not particularly selective, they tend to excite a wide
range of levels equally and thus dilute their effectiveness. A survey of electron
collisionally-excited levels 6 has shown that NULL/nemax is typically 10- 5 which is similar
to the values for Ar+ and Se24 + shown in Table I. How can we be more selective?

An increase in NUTL/nem a x can be achieved by the following processes: (1) using ground
state or metastab e excited ions that are efficiently and selectively produced in large
quantities during electron excitation (particularly as a result of their serving as a
reservoir to collect all of the decaying excited states), or (2) by using photoionization
processes that can more selectively excite a specific excited ion level than can electron
excitation.

4



Recombination Lasers

Ground state ions have been used effectively to makes lasers by a number of processes
including electron-ion recombination, molecular formation (such as excimers), and by charge
transfer. In effect, these are all recombination processes since the donor ion reduces its
charge state or recombines. Perhaps the best example of using ions in a recombination
process is the class of lasers known as excimer lasers. The word excimer results from
"excited state dimer" and the excitation process involves first the production of noble gas
ions in the discharge and then their "recombination" with a halogen donor to produce an
excited state dimer. The effectiveness of such a process can be seen in Table I where the
KrF laser has the highest ratio of NULLnem ax (0.1). It should be recognized that these
lasers are extremely effective in converting each ion created in the excitation process
into a lasing species.

Atomic recombination lasers offer the same potential for efficiency that excimer
"recombination" lasers offer in that the recombination process (known as collisional
recombination) can "funnel" each recombining ion to a specific upper-laser-level by
electron collisional de-excitation. Such a specific upper-laser-level is determined bj its
being one of the lowest lying levels above a large energy gap between levels. Bound
electrons are thus moved to that level where they accumulate to a large enough population
to produce laser action. Such lasers have the potential of having every recombining ion
pass through the upper-laser-level and thereby contribute to the laser flux. Perhaps the
best known short wavelength laser using this process is the 182 A carbon soft-x-ray laser 4 .
Other lasers at longer wavelengths using this process are described in references 7 and 8.
None of these has yet achieved the potential high-efficiency that such lasers are, in
principle, capable of.

There are also many lasers operating by charge exchange types of recombination processes.
One example of this is the helium-selenium laser described in reference 9. Also lasers
operating in the ultraviolet via this process are discussed in reference 10 but again, none
of these has as yet achieved notable efficiencies.

Photoionization-Pumped Lasers

Electrons can also be used to generate efficient broad-band sources such as laser-produced
plasmas. Such soft-x-ray sources can then be used to pump photoionization lasers.
Photoionization lasers were first proposed" in 1967, but were not successfully
demonstrated 12 until 1983, when two transitions in Cd va or were excited in this fashion.
A number of other lasers have since been demonstrated including two short-wavelength
transitions in Xe1 4 and Cs vapor1 5 . In the cadmium laser, the ration NULL/ne is 0.6,
one of the highest ever achieved for an ion laser, thus indicating the potential efficiency
of this type of process.

Such lasers are the gaseous analogy of the flashlamp-pumped solid state lasers such as the
neodymium and ruby lasers. Photoionization cross sections to specific levels have a very
broad energy range and thus very broadband sources can be used for selective pumping to
specific levels. The wavelength range for excitation is typically in the HUV or soft-x-ray
spectrum, an area where there has been little effort in broadband source development.

Conclusions

Greater efforts should be made in the development of recombination-pumped lasers, including
molecular ion recombination, atomic ion recombination and charge transfer processes. Also,
further investigation of photoionization-pumped lasers are needed, with particular emphasis
dt tLne stage on the development of efficient broad-band soft-x-ray sources as pumping
sources. If such efforts are made, we will achieve more efficient lasers with higher
output energies over a broad spectral range from the infrared to the soft-x-ray region.
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PULSED-POWER DRIVEN X-RAY LASERS:

FANTASY OR REALITY?

J.P. Apruzese and J. Davis

Naval Research Laboratory, Washington, D.C. 20375-5000

Abstract

All existing laboratory x-ray lasers utilize as a gain medium a linear plasma created by a line-focused high power
Nd:glass or CO, laser. In this paper we assess the prospects of creating an x-ray laser by employing pulsed electrical
discharges as the energy source for the plasma gain medium. Progress toward achieving a pulsed-power driven soft x-ray laser
via electron pumping and/or photoexcitation is reviewed. Advantages and disadvantages of pulsed-power drivers compared to
laser drivers are discussed. At present, resonant photoexcitation appears to be the most promising candidate for early success
as a pulsed-power x-ray laser. Recent progress at the Naval Research Laboratory, Physics International Corporation, and
Sandia National Laboratories (discussed in detail elsewhere in these proceedings) has brought the realization of such an x-ray
laser within reach.

1. Introduction

During the 1980s x-ray lasers moved from the realm of theoretical calculations and proposed inversion schemes to reality
in the laboratory. Present x-ray lasers consist in part of a plasma amplifying medium, created by a line-focused high power
optical or infrared laser. Lasing occurs either via pure amplified spontaneous emission or, in some cases, with the assistance
of amplification using nultilayer mirrors. Population inversions in the plasma are set up by either electron collisional
excitation or recombination, or a combination of the two, depending on the chosen element and ionization stage. Schemes
thus far successfully demonstratedare: collisional excition and/or recombination in neonlike 14 and nickel-like ions5 6 , and
recombination in hydrogenic 7 -  and lithiumlike , ions. Wavelengths at which gain has been demonstrated in these
devices range from about 45 to 300 A, with the shorte t wavelength now attributable to recent success with nickel-like
tantalum at Lawrence Livermore National Laboratory- Pulsewidths for the laser lines range from 170 ps for neonlike
seleniu n 4 to 4 ns for recombining lithiumlike aluminum 1 , to 10-30 ns for magnetically conined recombining hydro enic
carbon0' . Total energies in the soft x-ray laser lines have been measured at 3 PJ for neonlike Ge , 0.5 mJ for neonlike Se , and
1-3 mJ for hydrogenic carbon 8 .

For virtually any applicat' n envisioned for x-ray lasers, the more coherent x-ray photons available, the better. This is
especially true for holography . Also, it is easier to utilize a cavity if the x-ray laser pulse is at least several nanoseconds to
allow photon transits between the mirror(s) and the gain medium. These considerations, as well as others discussed below,
motivate a search for x-ray laser drivers other than high power optical or infrared lasers.

2. Potential Advantages of a Pulsed-Power Driver

Laser-driven x-ray laser research, as noted above, has met with considerable success in the 1980s. However, the potential
advantages of a pulsed-power driver are considerable and strongly indicate that the goal of a pulsed-power driven x-ray laser is
well worth pursuing. Many of these advantages are also relevant to the inertial confinement fusion (ICF) effort. An excellent
source of comparative data for large lasers and pulsed-power devices is the 1986 ICF review conducted by the National
Academy of Sciences (NAS) (Ref. 14). Pulsed-power is currently superior to large laser drivers in three significant areas: cost,
available energy on target, and wall-plug efficiency.

In Ref. 14, the cost of drivers is expressed in dollars per joule of installed capacity. The largest ICF-class laser now in
existence, the NOVA device at Lawrence Livermore National Laboratory, can deliver -100 kJ on target with the 10 beam
configuration at 1.06 pm. However, the 2-beam line focused x-ray laser target chamber, perhaps the finest such facility
anywhere, can deliver 5.6 kJ to a linear target at 0.53 pm. According to Ref. 14, the cost of NOVA was $200 million or
$2000/J. By contrast, the pulsed-power PBFA-II light-ion-fusion accelerator at Sandia National Laboratory can potentially
deliver 1-2 MJ to target at an installed cost 14 of $30/J. The estimated wall-plug efficiency (20%) ilypical of a modem
pulsed-power generator. By contrast, the overall efficiencies of high power, short-pulsed laser drivers range from around
I% for Nd:glass to 5% and 8% for CO 2 and KrF lasers, respectively. Therefore, in terms of cost, energy on target, and
efficiency, pulsed-power currently possesses clear advantages over lasers.

If x-ray lasers are to come into common use in research and industry, it is clear that substantial reduction inI teir overall
size must occur. Recent advances in inductive energy storage technology at the Naval Research Laboratory provide a
realistic basis for reduction in the physical volume of pulsed-power generators by as much as two orders of magnitude. In
summary, a pulsed-power driven x-ray laser offers the potential for significant reductions in size as well as cost. Together
with greater efficiency and deliverable energy, these advantages continue to provide motivation for maintaining a strong effort
to achieve gain at soft x-ray wavelengths using a pulsed-power device.
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3. Potential Disadvantages of a Pulsed-Power Driver

The fact that only high power lasers have succeeded to date in creating extractable gain in plasma may be partially
indicative of the greater resources which have been devoted to such experiments. However, it is also clear that lasers are

currently better suited to precisely tailor the desired characteristics of an amplifying plasma. Z pinch plasmas have long been

plagued by kink and sausage instabilities which can prevent establishment of sufficient linear uniform gain length.

Inhomogeneities may result in unacceptable refraction of the soft x-ray beam. In Z pinch plasmas created by supersonic
nozzles which puff gas into the diode, residual cold gas may absorb the soft x-rays before they reach the diagnostic
instruments. The above difficulties do not occur with laser-produced plasmas.

Another potentially troublesome aspect of the pulsed-power driver is that the characteristic time scale for rise and

persistence of current is at least ten nanoseconds. This is reflected in similar plasma lifetimes. Therefore, recombination laser
schemes which demand cooling on a subnanostcond time scale would be difficult to implement on pulsed-power machines.

Since the current cannot be reduced so raofidly some other cooling technique, perhaps stagnation onto a capillary as
investigated by Krishnan, Nash, and Lepell , might be required, complicating the experiment.

Photopumped x-ray lasers, which have not yet been realized either by laser drivers or pulsed-power generators, are
discussed below as one of the most promising areas for pulsed-power research, However, to optimize the "flashlamp" pump
power at the lasant, the pumped and pumping plasmas should be located in close proximity. The presence of large currents
and fields, combined with the need for a return current configuration, leads to difficulties in such close placement of two
different plasmas. However, sjnificant progress has recently occurred in this regard as the Sandia group has succeeded in
reducing the separation to 2 cm

In summary several possible barriers to the achievement of a pulsed-power driven x-ray laser exist and must be overcome
if such a device is to be realized. We now turn from these general considerations to a specific discussion of approaches to a
pulsed-power x-ray laser and their current experimental status.

4. Approaches to a Pulsed-Power Driven X-Ray Laser

4.1 Neonlike Krypton Gas-Puff Z Pinch

6ighly charged neonlike ions, where 3p-3s population inversions result naturally from the rapid decay of 3s levels to the
2p6 So ground state and the population of 3p levels by collisional excitation and recombination, have proven to be very
robust sources of soft x-ray amplification. At present, 11 neonlike ions ranging in atomic number from 28 to 47 have
exhibited gain in the laboratory. The neonlike selenium (Z=34) laser was the first to be demonstrated 1, and is the most
intensively investigated to date4 . Krypton (Z=36) is an excellent source for gas-puff Z pinches and its neonlike stage could
certainly produce 3p-3s population inversions with plasma conditions similar to that required for its neighbor in the periodic
table, selenium. Electron densities of 3x1020 - 10 cm- 3 and temperatures of 0.6 - 1.2 keV in a uniform linear plasma would
produce fin on 3p-3s lines in the 150 - 200 A spectral region. Detailed one-dimensional radiation hydrodynamic
modeling of a krypton double-puff Z pinch suggests such gain would persist for a few ns.

A series of experiments was undertaken at Physics International Corporation by M. Krishnan and colleagues in an effort
to demonstrate laser action in a neonlike krypton gas-puff Z pinch. The "Double-Eagle" generator, supplying cun ents of -3
MA with a 90 ns risetime, was employed in a standard single-puff configuration as well as in a design using a double-puff --
an outer puff stagnating on an inner krypton jet in an effort to provide stability and improve the plasma's morphology. The
outer-inner puff configuration did indeed result in a more suitable plasma. On one shot, the plasma remained quite linear for
-5 ns for a 1.5 cm length. X-ray spectra revealed the presence of both neonlike and fluorinelike Kr. However, pinhole images
revealed some degree of nonuniformity within this linear plasma. On no shg could the expected 3p-3s laser lines be
positively identified and demonstrated to be amplified. Krishnan and Deeney2() have speculated that one or more of the
following deleterious effects may account for this negative result. Cold gas from the puff may have absorbed a significant
fraction of the gain lines' energy. On time-integrated axial spectra, continuum emission which persists for tens of
nanoseconds may have swamped the laser lines which are expected to last a few nanoseconds. Remaining nonuniformities -
especially in density - may have caused deleterious refractionyf the soft x-rays. Since the x-ray spectra in the 1.5 - 2.0 keV
range were very similar to spectra taken of Se at Livermore during actual Se laser shots, it is likely that some gain was
indeed achieved in these experiments, even though amplification could not be der- )nstrated. The negative result brings
sharply into focus the difficulties which need to be surmounted in pulsed-power x-ray laser research. By no means can it be
concluded that a pulsed-power neonlike x-ray laser is unattainable. For instance, a series of experiments using wires to form
the plasma - perhaps copper or zinc (Z = 29, 30) would at least eliminate cold gas absorption and might produce a stable
plasma. For the time being, however, most effort is directed toward other schemes as discussed below.

4.2 Photoionization and Recombination Schemes

Hussey and co-workers at Sandia National Laboratories have developed an interesting design 2 2 for a pulsed-power driven
x-ray laser which features a hollow cylindrical target, to generate a neonlike recombination laser pumped by photoionization.
The outer layer of the cylinder would contain a fairly low atomic number element such as Al, whose heliumlike resonance line
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could photoionize the neonlike lasant (nickel, for example) but not the fluorinelike stage. Such targets can be optimized to
produce modest gain for driving currents in the 3.5-5.5 MA range. As explained in Ref. 22 (which should be consulted for full
details), the outlook for experimental achievement of gain is guarded because of expected implosion nonunifornities as well
as uncertainties in the expansion hydrodynamics of the lasant inside the cylinder.

Krishnan and co-workers have presented some experimental evidence 1 7 suggestive of recombination-pumped gain in
Ne X which was imploded onto an Al-coated on-axis parylene capillary. The capillary may act as a heat sink, promoting
cooling and recombination. No conclusive evidence of lasing has since been observed, but the general design is promising
and is worthy of continued effort. Ref. 17 should be consulted for details.

4.3 The Sodium-Neon Photoresonant Scheme

One of the most active areas currently under investigation in lsed-power x-ray laser esearch is the line-coincidence
sodium-neon flashlamp laser. In 1975 Vinygradov fnd co-workers2 pointed out that the I A Na X Is 2 - ls2p IP1 transition
coincides ii wavelength with the Ne IX ls - ls4p 'P, line, within a thermal Doppler width. This scheme was later analyzed
in detail 24 - 6 . Its essential features are pre nted in fIg. 1. The intense helium-alpha Na X line pumping a relatively cool (50
- 100 eV) neon plasma of ion density 7x10f " - 2x10 ' cm -3 can greatly overload the heliumlike neon n=4 levels, resulting in
popylation inversions in the 4-3, and possibly 4-2 and 3-2 singlet transitions of Ne IX located near 230 A, 58 A, and
82 A, respectively. The 50-100 eV temperature range for neon promotes most ions into the desired heliumlike stage without
collisionally exciting the n=2 and 3 lower laser levels which would spoil the inversions. The principal requirement for the
sodium-bearing plasma is that it generate sufcient power in the pumping transition. In practice this means temperatures of
200-600 eV and electron densities at least 1020 cm 3 , preferably higher. Clearly the conditions for the sodium pump and neon
lasant are sufficiently different as to require spatially separate plasmas. Before considering the present status of sodium-neon
experiments it is appropriate to review its considerable advantages in a pulsed-power configuration.

SODIUM-NEON PHOTOPUMPED SYSTEM

ls2p 'P -ls4p 'P

L230A\ _\ 
o,nm 3

58A 8 2A

11.0027A 
2

11.0003A

IS2 'S. Is 2 'S 0

le - like No He- like Ne
PUMP LASANT

Fig. 1. Simplified energy level diagram showing the essential features of the Na/Ne photoresonant system.

One obvious attraction is that instabilities in the pumping sodium plasma are largely irrelevant. As long as sufficient
pump power is attained, gain is achievable in the separate, presumably more stable neon lasant. At worst, non-uniform
sodium emission would result in spatial variations in the neon gain coefficient -- probably very mild variations since the
Na/Ne separation would greatly reduce the radiative flux variations at the neon lasant surface. An additional advantage is that
the relatively cool, tenuous neon plasma can be created by much smaller Ariver currents, or purely by the x-rays emanating
from the sodium plasma. As detailed elsewhere in this conference , the Sandia group has recently succeeded in
photoionizing neni to the heliumlike stage using x-rays from a sodium-bearing plasma. It is conceivable that a relatively
modest laser (10 - 1012 W cm - ) could successfully drive a cryogenic or gas-jet neon target to the appropriate lasant
conditions for pumping by the sodium source.

There additional advantages. Z pinch plasmas have long demonstrated their ability to produce tens of kilojoules of K
shell x-rays in the atomic number range in which sodium is located. The lasant may produce amplified soft x-rays for as
long as the pump power is sufficient - that is at least 10 ns, which would facilitate cavity operation. Finally, gain length
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studies may he accomplished in an efficient, clean, straightforward fashion by deployin lasant targets of various lengths
around the pump plasma 18 or shadowing different sections of lasant plasma from the pumpl 0 .

How much power is required of the Na X Is2 
- ls2p I1 pump transitions to create gain in the Ne IX 4f-3d singlet

transition at 230 A" (This is the most promising laser line.) Of course, the answer to this critical question depends upon the
emitted spectral width of the pump line and the Na/Ne separation, as well as the assumed neon conditions. If it is assumed
that opacity broadening widens the sodium line to 4.5 Doppler widths (3x1014 Hz) and that the neon plasma can be created at
nearly optimal conditions (ion density 3x10 18 cm -3 , temperature 50 eV), Table I contains the required pump power as a
function of Na/Ne separation for a 2-cm long Na pinch. Of course if the pump line is narrower, the numbers in the table are
pessimistic since more of the Na line's energy would be concentrated in the highly absorbing neon line's core. For lower neyp
densities, the reduction in gain (or required increase in pump power) is nearly linear. For neon ion densities exceeding 2x10"'
cm-3, no gain is attainable due to collisional quenching of the population inversion(s).

Table 1. Power in the 11 A sodium pump line required to produce a gain of 1 cm- I in the 4f-3d singlet transition of Ne IX, as a
function of Na/Ne separation, under plasma conditions described in the text.

Na/Ne SEPARATION (cm) POWER (GW)

5.0 255
4.0 164
3.0 97
2.0 47
1.5 30

Table I is based upon the detailed calculations described in Ref. 26. For a gain of I cm - 1 , a pump line power of 47 GW is
needed at Na/Ne separation of 2 cm; for 5 cm this power increases dramatically to 255 GW.

Much of the recent progress in the Na/Ne scheme is the steady increase in the demonstrated pump line power to the point
where currently available sources are sufficient for gain at separations < 3 cm. The first step in developing a suitable sodium
source for a Z pinch was taken by the Naval Research Laboratory experimental group which has demonstrated 25-30 GW of
pump line power reproducibly at the relatively modest current of 1 MA available on NRL's Gamble-H generator. Note that
this approach utilizes a NaF capillary discharge and that roughly half the energy is absorbed by the useless fluorine ions. Full
details of this source development are contained in Refs. 28-32. Very recently (Fall 1989) this capillary source was
successfully adapted to the Double-Eagle generator at Physics International Corporation, using 3 MA driving currents. Line
pump powers of 100-130 GW were repioducibly demonstrated despite the presence of the fluorine. Details are given
elsewhere in these proceedings 3 3 .

Also very recently, Deenev and co-workers at Physics International have successfully extruded, mounted, and fired pure
Na wires on the Double Eagle generator 3 3 . A record pump line power of 150 GW was demonstrated on a single shot, but
only 90-100 GW could be consistently produced. Initial difficulties with the sodium wire technology resulted in non-
uniformities in the wires which probably account for the large shot-to-shot variations. Future experiments are likely to result
in significant improvements. Ref. 33 describes in detail these latest developments using the Double-Eagle generator.

Significant attention has been devoted to the neon lasant a3gka/Ne photopumping experimentj 8demonstrating
fluorescence have been performed at the Naval Research Laboratory ' and Sandia National Laboratories . At NRL, one
of the return current posts was replaced by the neon plasma pumped by the central sodium-fluorine plasma. Na/Ne separation
in this geometry was 5 cm. Photopumping of the neon was confirmed by fluorescence indicated by the enhanced brightness of
the pumped 4-I neon line compared to the 3-1 line. This enhancement (Fig. 2) occurred only when the neon plasma
assembled during the period of high power sodium emission, and was not seen when a NaF discharge was replaced with a
MgF-, discharge, nor when no pump plasma at all was present. It is encouraging that fluorescence is detectable in time-
integrated x-ray spectra at relatively modest pump powers of 25-30 GW at a fairly large separation of 5 cm. l'he recent
successful Ifluorescence experiments at Sandia National Laboratories are described elsewhere in these proceedings I
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Fig. 2. Ne IX y(1-4) to 13(1-3) line ratio as a function of Na/Ne plasma implosion time difference. Also shown are shots with
no pump plasma present and with MgF 2 replacing the NaF plasma. Figure courtesy of Dr. Frank Young of the Naval
Research Laboratory.

5. Summary and Current Prospects

Even though all present x-ray amplifiers are driven by high-power optical or infrared lasers, the goal of a pulsed-power
driven x-ray laser is well worth pursuing. Pulsed-power generators are advantageous compared to lasers with respect to cost,
energy on target, and efficiency. The emergence of inductive storage technology promises significant reductions in physical
size as well. Potential obstacles to attainment of a pulsed-power driven x-ray laser include Z pinch instabil.ities, inherent
plasma time scales which are too long for some lasing schemes, possible absorption of the soft x-ray beam by cold matter, and
difficulties in situating dual component pump-lasant plasmas in close proximity. Approaches to pulsed-power x-ray lasing
which have been pursued include neonlike krypton via gas puff Z-pinches, recombination induced by neon puffs stagnating
onto hollow on-axis cylinders, and photon pumping (either photoionization or resonant excitation). Currently, the sodium-
neon resonant photoexcitation scheme is being vigorously pursued at the Naval Research Laboratory, Physics International
Corporation, and Sandia National Laboratories. At Physics International's Double Eagle 3 MA eenerator, sodium pump
powers have already been achieved (using two different sodium sources) which are adequate for , .nping gain in neon at
Na/Ne separations < 3 cm. In the relatively near future, improvements to these sources will be implemented which have
excellent prospects for increasing this power by a factor of two or more. Pulsed-power driven x-ray lasers, while not yet
demonstrated, are now much closer to reality than fantasy.

6. Acknowledgments

It is a pleasure to acknowledge many stimulating discussions with our experimental colleagues at the Naval Research
Laboratory, especially Frank Young, Dave Hishelwood, Steve Stephanakis, Carolyn Mehlman, and Phil Burkhalter. Equally
valuable insights were obtained in extensive conversation with M. Krishnan and C. Deeney at Physics International
Corporation. We are grateful to M. K. Matzen of Sandia National Laboratories for permission to mention some of Sandia's
exciting recent results in this review.

X-ray laser research at the Naval Research Laboratory and Physics International Corporation has been supported by the
SDIO Office of Innovative Science and Technology.

7. References

1. M.D. Rosen et al., Phys. Rev. Lett. 54, 106 (1985).
2. D. L. Matthews et al., Phys. Rev. Lett. 54, 110 (1985).
3. T. N. Lee, E. A. McLean, and R. C. Elton, Phys. Rev. Lett. 59, 1185 (1987).
4. C. Keane, N. M. Ceglio, B. J. MacGowan, D. L. Matthews, D. G. Nilson, J. E. Trebes, and D. A. Whelan, J. Phys. B

22. 3343 (1989).

11



5. B. J. MacGowan et al., Phys. Rev. Lett. 59, 2157 (1987).
6. S. Maxon et al., this conference.
7. D. Jacobv, G. J. Pert, L. D. Shorrock, and G. J. Tallents, J. Phys. B 15, 3557 (1982).
8. S. Suckewer, C. H1. Skinner, D. Kim, E. Valeo, D. Voorhees, and A. Wouters, Phys. Rev. Lett. 57, 1004 (1986).
9. C. Chenais - Popovics et al., Phys. Rev. Lett. 59, 2161 (1987).
10. G. J Tallents et al., this conference.
11. G. Jamelot, A. Klisnick, A. Carillon, H. Guennou, A. Sureau, and P. Jatgl6, J. Phys. B 18, 4647 (1985).
12. P. Jaegle, A. Carillon, P. Dhez, B. Gauthe, F. Gadi, G. Jamelot, and A. Klisnick, Europhys. Lett. 7, 337 (1988).
13. . TFrebes, J. Phys. (Paris) 47, C6-309 (1986).
14. Review of the Department of Energy's Inertial Confinement Fusion Program, National Academy of Sciences

(National Academy Press, Washington, D.C., 1986)
15. J. F. Holzrichter, D. Eimerl, E. V. George, J. B. Trenholme, W. W. Simmons, and J. T. Hunt, J. Fusion Energy 2, 5

(1982).
16. R. J. Commisso, in Naval Research Laboratory 1987 Review, NRL Publication 112-2630, p. 69 (1988).
17. M. Krishnan, T. Nash, and P. D. Lepell, IEEE Trans. Plasma Sci. 16,491 (1988).
18. NI. K. Matzen et al., this conference.
19. J. Davis, R. Clark, J. P. Apruzese, and P. C. Kepple, IEEE Trans. Plasma Sci. I. 482 (1988).
20. NI. Krishnan and C. Deeney, private communication.
21. Selenium comparison spectra, courtesy of Dr. J. Scofield.
22. T. W. I lussey. NI. K. Matzen, E. J. McGuire, and H. E. Dalhed, J. Appl. Phys. 66, 4112 (1989).
23. A. V. Vinogradov, I. I. Sobelman, and E. A. Yukov, Kvant. Elektron. (Moscow) 2, 115 (1975) [Sov. J. Quantum

Electron. 5, 59 ( 1975)].
24. J. P. Apruzese, J. Davis, and K. G. Whitney, J. Appl. Phys. 53, 4020 (1982).
25. P. L. Flagelstein, University of California Report No. UCRL-53100, 1981 (unpublished).
26. J. P. Apnizese and J. Davis, Phys. Rev. A 31, 2976 (1985).
27. W. Clark et al., in Procee dings of the FifthInternational Conference on High Power Particle Beams 1983, (University

of California, San Francisco, California, 1983) pp. 236-241.
28. F. C. Young et al., Appl. Phys. Lett. 50, 1053 (1987).
29. J. P. Apruzese et al., Phys. Rev. A 35, 4896 (1987).
30. S. J. Stephanakis et al., IEEE Trans. Plasma Sci. 16, 472 (1988).
31. F. C. Young et al., Proceedings, International Conference on Lasers '88, R. C. Sze and F. J. Duarte, Eds. (STS Press,

McLean, VA, 1989), pp. 98-105.
32. B. L. Welch, F. C. Young, R. J. Commisso, D. D. Hishelwood, D. Mosher, and B. V. Weber, J. Appl. Phys. 65, 2664

(1989).
33. C. Deeney et a., this conference.

17>



LITHIUM-LIKE RECOMBINATION SCHEME FOR X-UV LASERS
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LULI, CNRS and Ecole Polytechnique. 91128 PALAISEAU CEDEX, France

Abstract: Recombination in lithiumlike ions in a rapidly cooling plasma is an attractive way towards X-ray lasers because, at a
given lasing wavelength. it requires less pumping energy than most other pumping schemes. In this paper we describe the status of
experiments relative to the Li-like scheme, and we discuss the problem of increasing the gain-length product necessary to achieve
efficient X-ray lasers.

I - IrRODUCTION

The first proposal by Gudzenko and Shelepin of recombination pumping considered the relaxation of
an hydrogen plasma produced by a gas discharge. For lasing at short wavelengths, the recombination scheme
in hydrogenlike ions has been extensively studied since 1974 with C5 + ions in laser-produced plasmas 3 .
The first evidence of the exponential increasing of a aluminium lithium-like line has been presented in
1981 at the same conference 4 . In the case of Li-like ions, the plasma temperature must reach the point
where the ionization is such as the plasma contains mainly helium-like ions. So, during expansion and
cooling the free electrons recombine with ions leading to Li-like ions in highly excited states. This is the
condition for the production of population inversions. The ionization energy of Li-like ions being much less
than for H-like ions, the lithium-like scheme requires less laser energy than most other schemes.

Several elements from magnesium to chlorine have proved to give amplification for lines lying between
80 A and 200 A. Aluminium has been studied much more extensively than any other element and the results

n=5 d
S P

103.8 A 105.7 A

n 4 d
s p

150.6 l154.6d

n 3 -p

S

Figure 1: Simplified energy-level diagram of lithiumlike ions. The wavelengths correspond to aluminium.

obtained with Li-like aluminium allow to give a good account of what has been achieved till now regarding
the lithium-like scheme and of the problems which remain to be solved.

Let us recall the diagram of levels of Li-like ions. Figure I shows transitions of interest for soft X-ray
amplification. The wavelengths are given for aluminium. In a plasma of intermediate density (1017 to 1021
cm- 3 ) when the pumping laser turns off, the temperature fastly falls down and three-body recombination
populates strongly the upper energy levels of the recombined Li-like ion. Recombination is followed by a
radiative-collisional cascade to intermediate levels n = 4,5. At the same time, owing to the low electron
temperature, electron-ion collisions from the ground state cannot balance the fast radiative decay of the
lower excited levels (n = 3). These processes result in transient population inversions, especially between
levels 3d on the one hand and 4f and 5f on the second hand.
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Figure 2: Gain calculated at various times as a function of the target distance for the 105.7 A (above) and the 154.7 A lines of Li-

like aluminium. Two successive curves are separated by 50 ps.

Figure 2 gives examples of population inversions calculated in a recently improved plasma model5 .
Electron temperature and density are deduced from a one-dimensional lagrangian code. This last takes
account of laser-radiation absorption in underdense plasma corona by inverse Bremsstrahlung. collisional
ionization, radiative and collisional recombination, and thermal conduction 6 . Each curve on the figure
displays the gain versus the distance to the target at given time. Time interval between the curves is 50 ps.
The gain maximum occurs at 400 ps for the 4f line (470 ps for the 5f line) after the maximum of the laser
pulse. It is noticeable the gain calculated at 154 A is one order of magnitude larger than at 105 A. This is a
constant result of calculations which is not systematically verified in experiments. Plasma temperature at
the gain maximum is of 45 - 50 ev. The valu" of gain is very sensitive to this parameter. Temperature
reduction by means of an adjustable parameter results in a strong enhancement of the gain. Thus one can
expect that increasing of plasma cooling, either by optimizing target shape or with using radiation loss from
heavy element, will enhance amplification.

II - AMPLIFICATION IN SHORT PLASMA COLUMNS

Several experiments performed in different laboratories with different techniques have shown that
aluminium plasma recombination actually provides gain at the wavelengths of the 5f or 4f lines. In this
section we summarize a first set of experiments differing each other in many aspects but having in common
the magnitude of the plasma column length used for measuring the gain. In these experiments the plasma
length was 1 centimetre or less. We do so because - as we will see in the next section - new problems seem
to be adressed from recent experiments when one attempts to increase the plasma length up to several
centimetres. These experiments are described in section III.

The first measurements of amplification by Li-like ions have been performed by our group in the first
eighties. The neodymium-glass laser (1.06 p) of GILM at Palaiseau was used with a pulse duration comprised
between 0.6 and 25 ns. The laser beam was focused on the target surface by combining either spherical and
cylindrical lenses or two crossed cylindrical lenses. The focal-spot size was 0.1 mm xlO mm. later extended
up to 20 mm with the use of two superimposed laser beams. The target used for producing the plasma was a
plane sheet of spectroscopically pure metal. Emission from the plasma axis was analyzed using an X-UV
spectrometer based on a 1 m radius concave grating of 3600 grooves per mm used at 60 angle of grazing
incidence. Time integrated and time resolved spectra could be recorded owing to the use of either a
scintillator coupled with an optical multichannel analyser (OMA) or an X-UV streak camera as detectors 7.

An extensive study of time-integrated emission of aluminium plasma has been made for laser irradiance
comprised between 0.6x10 11 and 3.x10 12 W/cm2 , 8. A wavelength band wide of about 10 A round the
position of 3d - 5f transition was recorded by OMA. Strong absorption lines were observed, corresponding to
transitions of lower charge ions. Regarding the 3d - 5f transition at 105.7 A and, to a lower extent, the 3p -
5d one at 103.8 A they give absorbing lines at very low irradiance, which turn progressively into negative
peaks in the plasma absorption background when the irradiance rises above a threshold value of about
3.xlO11 W/cm2 . This behaviour is characteristic of the lithiumlike structure and not only of aluminium.
Analogous negative peaks were obse-ved in the absorption spectra of magnesium at 127.85 A and sulphur a+
65.2 A the wavelengths of the 3d - 5f transition 9 .
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Amplification time history has been studied in time-resolved experiments 10 . The X-UV streak camera
provided a time resolution about 100 ps. It was connected either with photographic plate or with the OMA.
A typical result corresponding to a laser irradiance of 3. 1012 W/cm2 and to a pulse duration of 2 ns is
presented in figure 3. Time-resolved emission of two aluminium plasma columns, at the wavelength of 3d-5f
transition, is shown on the upper part of the figure. The column lengths are respectively 7 and 3 mm. Let us
notice that the time of maximum intensity is delayed with the column lengthening. The lower part of the
figure shows the time evolution of gain, deduced at each time from the above intensities. The plasma is at
first optically thick, and then it goes continuously from absorption to amplification: gain is decreasing again
at the end of plasma recombination, when density has fallen. The maximum of gain is near 2 cm-1 It occurs
about 5 us after the top of the laser pulse.

L=7mm 
G cm"

0 " .

L=31m 
-1

-2 1 ns

Figure 3: Time-resolved gain measurement at 105.7 A in Li-like aluminium. Onthe left: time variation of radiation emitted by
plasma columns of lengths 3 mm and 7 mm. On the right: gain deduced from these intensities.Target: 0.2 p of Al on a graphite plate.
Laser wavelength 1.06 p . pulse duration 2.0 ns. irradiance 3. 1012 W/cm 2 .

The transition 3d - 4f is theoretically a better candidate than the 3d - 5f one for amplification: its
radiative decay probability is about 3 times larger, and populations deduced from simulations are almost the
same for both levels 4f and 5f. Evidence of amplification due to transition 3d - 4f has been found in time-
resolved experiments but, in our experiments the gain value is not found significantly higher than for 3d-5f.

Since a few years, a number of X-ray laser experiments using the Li-like scheme have been carried out
in various laboratories 11, 12,13,14 . Experimental parameters are very different from one experiment to
another one, what does not permit close comparisons of gain values, but all experiments have shown
evidence of gain involving one or both 3d - 4(5)f transitions.

The recombination scheme is studied at Princeton with particular characteristics of plasma column
production including the possibility of magnetic confinement 5 . Heavy impurities may be introduced to
radiatively increase the cooling. Owing to the use of a CO 2 pump laser, the plasma heating arises in a zone if
electron density 1019 cm -3 , instead of 1021 cm -3 with a Nd-glass laser. Then, population inversions take
place in a region of lower density they have a longer duration (owing to the magnetic confinement) than
with other devices. The amplification in Li-like magnesium, aluminium and silicon has been studied in this
confined plasma column 16. Time-integrated plasma emission was recorded along both axial and transverse
directions, the axial spectrometer being placed at two different transverse positions corresponding to gain
and non-gain regions. GxL values about 1.5 at 187.2 A in Mg X, at 129 A in Si XII and 3 at 154.7 A in Al XI
have been reported. The 3d --5f transitions were not observed. That might be related to the low initial
density of the plasma.

Amplification for 3d - 5f transitions has been observed in other experiments realized with frequency
doubling and tripling of Nd-glass radiation. The Osaka group chose to study, in the same experiment.
amplifications from H-like carbon and oxygen and Li-like aluminium by using targets made of 600 A-thick
foils of formvar coated with 200 A of aluminium 17 . A 100 J- 150 ps-laser beam at X = 0.53 g was focussed to a
linear spot of 0.035 mm width and 15 mm length, which gives an irradiance of 1.3x10 14 W/cm 2 . Time
integrated spectra covering the wavelength region of 100-300 A exhibited amplification for the 3d - 5f and
3p - 5d transitions of Li-like aluminium, with gain coefficients of 1.5 cm - 1 and 1 cm- 1 respectively.
Surprisingly, amplifications occurred only when the laser irradiated the formvar surface opposite to the
aluminium, and not when the aluminium was directly irradiated. No amplification was detected at the
wavelength of the 3d - 4f line.

In a similar experiment performed at Rochester by Moreno et al , amplifications were detected for
3 --4 as well as for 3 - 5 transitions 18. The wavelength of the pump laser was shorter and the laser pulse has
a longer duration (650 ps} than in the former experiment, but the irradiance on the target surface was
analogous. Targets consisted of 5000 A layer of aluminium and a 100 A layer of gold on a 10 gi thick mylar
backing. They were irradiated on both sides. Gold was included in targets in order to enhance the plasma
cooling, but it did not have significant effect on aluminium-line intensities. Amplifications were deduced
from time-integrated spectra with high-spectral resolution. Figure 4 shows a large increase of the amplifying
lines from 3 mam- to 6 mm-long plasma columns. Gain values of 4.5 cm- 1 and 3.5 cm-1 were found
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Figure 4: Time integrated spectra showing the 5f - 3d, 5d - 3p lines of Li-like aluminium to increase with the plasma column

length. Gain coefficient: 3.5 cm 1.Target: Al 0.5 p on Au 0.01 p and 10 p mylar foil. Laser wavelength 0.35 p. pulse duration 0.6 ns.
irradiance 8. 1013 W/cm 2 

(from ref. 18)

respectively for the 3d - 4f and 3d - 5f transitions. They are the largest experimental values measured up to
now. However, the plasma-column length was short and the GxL values, 2.7 and 2.1, are of the same order as
in other experiments.

Pumping by recombination in H-like systems, based on short-laser pulses and fibre targets is under
investigation since years at Rutherford Appleton Laboratory 19 A collaborative work has been undertaken
between the British group and our own in order to test the Li-like scheme in the same experimental
conditions 20. Targets were 7 pi diameter and 7 to 12 mm-long carbon fibres coated by 3500.A of aluminium.
They were irradiated by two or four frequency-doubled beams of the VULCAN laser, which delivered 15 J
per beam in 120 ps. The size of the focussing spot for each beam was 0.03 mm x 7 mm, which corresponds
to an irradiance of 6. 1012 W/cm 2 . The X-UV emission of the plasma was detected by two time-resolving
spectrometers, one along column axis and the other one in the transverse direction. The transverse spectra
exhibited intense resonance lines 2s - 3p and 2p - 3d, but 3d - 5f and 3p - 5d are barely discernible and
their transverse intensities could not be measured. The exponential increase of 3d - 4f and 3d - 5f line
intensities, given by the on-axis spectrometer at the time of peak gain for each transition, is shown in
figure 5. It shows gain coefficients of 2.6 cm-I and 1.6 cm-t , respectively for the 3d - 4f and 3d - 5f
transitions. The corresponding GxL values are 3.1 and 1.9.

3d - 4f 3d - 5f

(t = 950 ps) (t = 720 ps)

= G (cm - 1  
G (cm " 1 I

96 2.56 , 93 1.63

- 2 16
33

5 10 5 10

L (mm) L (mm)

Figure 5: Exponential increase of 3d - 5f. 3p - 5d lines of Li-like aluminium as a function of plasma length. Target: AM-coated thin
fibre. Laser wavelength 0.53 pi. pulse duration 0.12 ns. irradiance 5. 1013 W/cm 2 (from ref. 20)

Let us still point out the result recently reported by Zhizhan et al. noting gain of 3.1 cm- I at 105.7 A in

aluminium 2 1. In this work amplification is also observed at 88.9 A in Li-like silicon.

A last experiment differs from the others by the very low target irradiance used for producing the
plasma (2. 1011 W/cm 2 ) .from a Nd-glass laser (1.06 g) with a long pulse (5 ns) 22. A large increase of line
intensities against the plasma column length is reported in this work. For the 3d - 4f and 3d - 5f transitions.
this increase fits gain coefficients of 4.5 cm -t and 3.4 cm-1 what corresponds to GxL products as high as 5.4
and 4.1. This result has given rise to some surprise. However, at the Conference Laser's 81 we reported the
first evidence of non-linear intensity increasing at X = 105.7 A in aluminium, obtained for an irradiance of 3-
5x10 1 1 W/cm 2 and a 20 ns-laser pulse. A gain coefficient between 0.5 cm-land 2 cm-1 was deduced from
line intensity measurements, this large uncertainty coming from the detector calibration 23. In a further
work (ref. 7 above) we studied the threshold of population inversion emergence in aluminium in using
3.5 ns-pulses 2 4 . We found it to be near 2x10 1 1W/cm . that is the value of Hara's experiment. But, near this
threshold, the gain was very weak. (i.e. gain coefficient 0.01 cm- 1). On the other hand, computational
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simulations never revealed us a possible large gain in similar conditions. Thus although our previous worksare in agreement with the production of gain in the condition of tlara's experiment, the large valuesreported in this work remain to be explained. It seems us unlikely that a 2-D effect in plasma expansion will
suffice to clear completely the point.

As a conclusion, disregarding now some differences between experiments - like the fact that gain iseither for only one or for both 4f- and 5f- lines - one can deduce from the above results that, at laserirradiance from 1012 W/cm 2 to 1014 cnl2 , plasma lines of length around 1 cm provide gain coefficients
between 1 cm-1 and 4 cm-1.

III - AMPLIFICATION IN LONG PLASMA COLUMNS

All the results summarized in the previous section make up a first stage of the research about thelithium-like scheme. It is obvious that they are not sufficient to carry out real X-ray lasers. The goal to bereached is to put the gain-length product at a value of 10 or 15. when it is only about 2 or 3 in the previous
experiments. This requires new experiments in which the length of the plasma line is significantly
increased, either directly or by using multipass devices made with multilayers mirrors.

We recently carried out preliminary experiments with a 6 cm-long plasma column 25. Five of the six
beams of the Nd-glass laser of LULl at Palaiseau were used to produce the plasma. They were located in aplane perpendicular to the column axis on one and the same side of the target. After focusing by cylindrical
lenses of focal length 450 mm, the five beams were superposed on a rectangular spot of 0.2 mm x 64 mm.The target was 60 mm wide in order to avoid cold plasma at the ends of the column.The energy of eachbeam was about 100 J with a pulse duration of 2 ns. So the irradiance was of 2.x1012 W/cm 2 on the target
surface.

The grazing incidence spectrometer used the Wadsworth circle (with radius equal to the fourth part ofthe radius of curvature of the concave grating) instead of the classical Rowland circle (half radius ofcurvature) 2 6 . This configuration has been chosen because it privileges the analysis of radiation having astrong directivity with respect to isotropic emission. An optical multichannel analyser was used as adetector. An analyser of beam divergence could be inserted between the plasma column and the
spectrometer. It enabled to record, in a single shot, several spectra emitted along the column axis and along
oblique directions. A multilayers tungsten/carbon mirror, with a 5 % synchrotron-radiation-controlled

105 7 A

Mirror open
R = 5%

103,8 A

\ I E37

% 10

Mirror closed

V E -449 J

Figure 6: Effect of double-pass In a 6 cm-long plasma column on the intensities of 3p - 5d and 3d - 5f lines of Li-like aluminium.
(Top) Mirror open (reflectivity 5 %). (Bottom) Mirror closed. Effective gain-length product: 4. Target: 0.1 ii of A] on a massive polymer
slab. Laser wavelength 1.06 i', pulse duration 2. ns, irradiance 2. 1012 W/cM2 (from ref. 25)

reflectivity 27 in a narrow band around 105.7 A. was set perpendicularly to the axis, at the end opposite to
the detector. So 3d - 5f amplification was determined by comparison of single- and double-pass intensities.

To reduce the radiative trapping. the target was a 1000 A layer of aluminium coating the surface of a
massive plate made either of a polymer free of aluminium or of graphite. Experiments have shown
amplification effectively to occur, the increasing of intensity from single- to double-pass case being of 1.7
(figure 6). This corresponds to a GxL value of 3, i.e. the gain coefficient was not larger than 0.5 cm- 1. As
regards the "effective" GxL value, which takes the double-pass into account, it was of 4.
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Alhotigh l this value is large cnotxioh to conceive an X-ray laser using for instance a six-pass cavity. it is of
iImportancet () tunderstand why the igain-'ocfficient comes to such small values in the case of long plasma
'olmn1Sl taCt thilt we have observed so far in all attempts we made to increase the plasma length. In the

present case, radiation trapping must likely be ruled out because, with thin laver targets. the 2p-3d
emission ntear the target surface cannot be strong. Moreover, the refraction of the amplified beam is
negligible because the plasma dlensity in the active region, as well as the density gradient in the direction
perpendict.la- to tlhe axis, are very small having regard to the value of the wavelength of the amplified line.

hlherefore we must turn to new considerations regarding the production of the plasma column.
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Figure 7: Calculationi It 2ahil versos target distance Ior the 154.7 A line of Li-like aluninium. Laser wavelength: 1.06 p, pulse
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We must keep in mind for instance that, in all gain measurement procedures, one assumes the plasma
to be homogeneous in temperature and density along the column axis. Now the distribution of energy may be
far to be constant from a point to another through the laser beam section and one is founded to wonder
about the effects of inhomogeneities on the gain coefficient. Gain calculations in aluminium illustrated by
figure 7 are intended to give a preliminary and yet suggestive response to this question. The figure displays
the gain for the 3d - 4f transition as a function of target distance, in a plasma produced by a 600 ps laser
pulse, for three different irradiances (2x1012 . 4.xlO2, and 2x1013 W/cm 2 ). Results are given at two fixed
times. i.e. 2 ns and 3.1 ns after laser pulse maximum. Let us consider now a plasma column produced by an
inhomogeneous beam such as regions of low, middle and high irradiance are distributed along the focal spot.
It appears from figure 7 the low irradiance region to give a large amplification at 2 ns, even when the high
irradiance region. being still strongly absorbing, reduces or destroys the gain. This region becomes
amplifving later and at larger distance from the target. From figure 7 we see this to occur at a time where
the gain of the low irradiance region is already well reduced. The middle irradiance region has an
internediate behaviour. It is clear that the plasma column will provide much less amplification than if it was
an homogeneous one. The point which is emphasized by this calculation is laser-beam inhomogenities to
disvnchronize the gain production along the plasma column and consequently to reduce the total gain. It has
been often assumed that plasma inliomogenei ties are quickly smoothed by electron-ion collisions.
Nevertheless very few 2D-simulations are presently available to support this statement especially during
plasina recombination.

Now it has been shown laser-beam inhomogeneity to actually produce long-scale plasma irregularities of
such a type that they could result in a reduction of gain when plasma length increases 28. In the case the
ItJIA laser a complete mapping of the plasma is still missing but an image of a small part of the column has
also revealed the presence of strong irregularities. This is shown in figure 8. Therefore the long-scale
plasma inhomogeneity increasing is a good candidate for being the cause of the gain coefficient decreasing
which is observed when the plasma column is lengthened above I or 2 cm..
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Figure 8: Pinhole image for 5(X) ev radiation of a small part 11.25 ram) of the plasma line produced In an experiment performed at
LULI. Strong irregularities are visible.

IV - CONCLUSION

The recombination scheme in lithiumlike ions has proved to give gain at the wavelengths of 4f and 5f
lines. It is an attractive way to an X-ray laser. Gain coefficients are very sensitive to details of experimental
techniques which cannot be included in theoretical simulations. It is very likely that making the plasma
cooling faster, either by adding heavy elements or by a suitable target design. will increase the gain. However
large gain-length products are not yet achieved although attempts have been made with long plasma lines.
Target parameters and target composition must be optimalized. A reasonable uniformity (2 00/o-30/o) of the
plasma along its axis turns out to be a major requirement of future experiments.

This work has been supported by DRET under contract 88-236.
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Abstract

The sodium-neon photopumped X-ray laser scheme is under investigation at Physics International on the DNA/Double-EAGLE generator.
A series of z-pinch implosion experiments, using a NaF capillary source as well as an extruded, pure Na wire, was performed to produce
bright line emission from the Is2 -1s2p resonance line of NaX. A peak power in this line of 150 GW and a peak total line yield of 8 kJ
were measured.

Introdlctin

The sodium-neon photopumped i X-ray laser scheme uses the Na X 1s2 -1 s2p 1P line(He-a) at 11.0027A to resonantly photo-excite the Ne
IX s2 -1s4p IP line, at 11.0003A. This exciation can result in inversions in the 4-3, 4-2 and 3-2 lines. Predictions of the gain 2.3 in the
4f-3d line, at 230 A, give 2 cm- 1 when the sodium and neon plasmas are 2 cm apart and the sodium plasma radiates 100 GW in the He-a
pump line. These gain estimates assume an optimum neon ion density of 5x101 8 cm-3 and electron temperature of 50-100 eV. At Physics
International (PI), the sodium-neon scheme is investigated using pulsed power driven Z-pinches 4,5 to produce both the lasant and pump
plasmas. A high power, 3-6-TW, high current, 2.5-4 MA waterline pulsed power generator is used to implode a sodium bearing load to
produce the pump line, and a low-current, 100-400-kA capacitor bank is used to pinch a neon gas jet to produce the lasant plasma.

This approach of using two separate sources allows them to be independently optimized. In addition, in this geometry, length scaling
studies to show exponential growth on-axis can be performed by shielding the neon lasant, effectively pumping different lengths of the
lasant plasma. Ideally, for a successful experiment, the sodium pump plasma shoLld radiate greater than 100 GW for longer than 10 ns.
The long pulse length would allow for use of a multi-pass cavity. Moreover, the neon lasant plasma should be uniform over a 2 to 3-cm
length, with the desired density and temperature for a time greater than the pump pulse width for maximum efficiency.

The sodium-neon X-ray laser scheme has been investigated on various pulsed power generators. A sodium-fluoride (NaF) capillary
source 6 has been tested on the l-TW, 1.2-MA Gamble II g 'erator at Naval Research Laboratory, and these experiments gave 25 GW in
the He-ca line 7. When one of the return rods in these experiments was replaced by a neon gas puff pinch, evidence of fluorescence was
obtained8. Subsequent experiments 4 5 with a sodium-chloride (NaCI) discharge source on the 3-TW, 2.5-MA PITHON generator were
aimed at increasing the sodium pump line power. In fact, the best pump power achieved was 65 GW, and it was concluded that to further
improve the pump power would require (1) a better defined source than the NaCI discharge, (2) higher currents, and (3) the use of a pure
sodium plasma. To achieve this, implosions have been performed on the 6-TW, 3-4-MA Double-EAGLE machine. Double-EAGLE
produces higher radiation yields and powers. Indeed, recent radius scaling experiments9 on Double-EAGLE achieved 40 kM, 1 TW of
I keV radiation from nickel wire array implosions. The results at the higher current levels, using a characterized NaF capillary source and
sodium wire arrays, are presented in this paper.

The Sodium Fluoride Capillary Z-Pinch

The NaF capillary source fielded on Double-EAGLE is similiar to that described by Welch et al. 6, except that it is driven by a more
energetic capacitor bank. The larger discharge current increases the mass flow from the capillary and thus enables efficient coupling to the
higher current generator. The capillary was mounted on Double-EAGLE as depicted in Figure 1; it was fired from the anode (ground) into
the transparent cathode. The cathode was a 4-cm-diameter, hollow stainless steel cylinder with a 25-pm tin-coated-copper-wire mesh
wound on the open face. The mesh acted as the current path. In order to vary the parameters of the NaF-bearing plasma injected into the
3-cm anode-cathode gap, the delay between triggering the capillary and triggering Double-EAGLE could be adjusted, and the diameter of
the graphite nozzle placed downstream of the capillary could be altered. During these experiments, the delay was scanned from 3 to 11 I s
and 1.0-, 1.5- and 2.0-cm-diameter nozzles were tested.

Various spectroscopic X-ray diagnostics, described by Nash et al.10 , were mounted to study the radiation proptrties of the plasma and
hence, determine the temperatures and densities. The sodium (and fluorine) K-shell X-ray emissions were measured with a 4-cm curved
Mica crystal spectrometer with gated microchannel plates and a space-resolved 4-cm curved Mica crystal s; .auometer. X-ray diodes and
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Figure 1. Sodium fluoride capillary mounted on Double-EAGLE.

calorimeters, filtered with 2-jm Kimfol plus 1.8-im aluminum, gave measurements of the total K-shell yields and emission powers.
Importantly, a copper cathode X-ray diode filtered by 2-4im germanium was used to measure the power emitted in the sodium He-C line,
as proposed by F. C. Young et al. 11 . Finally, a time-resolved dual pinhole, dual filter X-ray camera was used to give information on the
K-shell-emitting and L-shell-emitting X-ray regions. The filters were 2-gim aluminized Kimfol and 8-gim Kimfol plus 1.8-gim aluminum.
The latter only transmits >I keV X-rays.

Examples of the measured X-ray emissions and K-shell spectra are shown in Figures 2(a) and 2(b). The current from Double-EAGLE is
shown, in Figure 2(a), along with the measured K-shell and He-ac emission powers for Shot 2072. This shot was performed with a

1.5-cm diameter graphite nozzle, and Double-EAGLE was triggered 5.5 jis after the capillary driver bank. Shot 2072 was the highest
power shot and 130 GW, 3.4 kJ was measured in the He-ac line. The total K-shell yield was 14 kJ, and the peak K-shell emission
power was 540 GW. The lower figure, 2(b), is a photograph of the space-resolved crystal spectra obtained on Shot 2072. The electrode
orientation and axial scale are shown on the right hand side of the figure. In addition, below the photograph, the emission lines in the
sodium and fluorine are indicated, as is the wavelength position of the L-edge of the germanium filter with transmits the Na He-ac line but
absorbs the Na Ly-cc line. Notice that the spectrum is dominated by these two lines, with the Ly-ac being the most intense. Taking a
densitometer scan (not shown) of the spectrum and correcting for the filter transmissions, then the ratio of Ly-cc to He-ac is 2.45.
Assuming that the measured 3.4 kJ is correct for the Na l-e-cc line, this gives 8.4 kJ in the Na Ly-cc line and a corresponding total
radiated yield in these two lines of 11.8 kJ. This is consistent with the estimated total K-shell yield of 14 kJ.
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Figure 2. I)ouble-EA(LE Current X-ray emission for a NaF capillary
implosion.

Sodium Wire Array Exoeriments

Pure sodium wire array sources 12 have been developed at Physics International. These wire arrays are extruded in-situ while Double-
EAGLE is at vacuum prior to a shot. The wire arrays were composed of 6 or 12 wires arranged equi-spaced on a diameter that va' d from
9 to 12 mm. The thickness of the individual wires was adjusted by using different pinhole sizes on the extruder. Seventy-five to 150-gim-
thick wires were tested.

Figure 3 shows the measured He-cc power and K-shell power along with the Double-EAGLE current, for Shot 2098, which was a 12-mm
diameter array having six, 150-g.m diameter wires. The Na He-a power and yield were 153 GW and 8 kJ respectively. These were the
highest power and yield with the sodium wires. The kimfol/aluminium filtered X-ray diode measured a K-shell yield of 31 kU. A
photograph of the space-resolved crystal spectrum for Shot 2098 is presented in Figure 4. Again, the axial scale and line indications are
marked. Again, the spectrum is still dominated by the He-a and Ly-a lines, with the Ly-x line being the most intense.
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Discussion of Sodium Source Experiments on Double-EAGLE

Previously, arguments have been made that the total K-shell emission power from a Z-pinch should scale as the current to the fourth
power 13 . Moreover, Krishnan et al. 14 suggested that at some point, energetics would dictate that the K-shell emission power should roll-
over to a current squared scaling, and theoretical modeling by K. G Whitney and J. W. Thornhill15 has explored at what point this
transition occurs for aluminum implosions. Now, from Figure 5, it seems that the Na He-ax emission power is scaling proportional with
the generator power. This translates into an effective current scaling of approximately 12 from the Gamble II to Double-EAGLE results.
However, this is an individual line, and the ratio of this pump line power to the total K-shell power would vary from experiment to
experiment; therefore, further analysis is required to model this scaling. The scaling is exciting, though, because it suggests that an
optimized sodium source on the 25-TW Saturn generator 16 at Sandia National Laboratories should give higher pump powers.

In summary, two different sodium sources have been successfully tested on the 6-TW Double-EAGLE generator, producing a maximum
power of 150GW and yield of 8 kU in the Na X ls 2-1s2p IP line. This should be sufficient to produce fluorescence and gain in a
properly prepared neon lasant plasma.

160
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140

o 120-
0

Z 100-

E

60 PITHON
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Z 40
0
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20 1 1 1 1

0 1 2 3 4 5 6 7
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Figure 5. Experimentally observed He-a power scaling with
generator power.

Acknowlediements

The assistance of N. Knobel, B. Kribs and the DNA/Double-EAGLE team is gratefully acknowledged. The authors would like to thank
J. Apruzese. J. Giuilliani and J. Davis of NRL for their contributions to this work. K. Matzen and R. Spielman of SNL are also thanked
for their interest in these experiments. This work was supported by SDIOIST and directed by NRL. Additional support was given by the
Defense Nuclear Agency, and the encouragement of Captain J. Fisher is appreciated.

25



References

I I JP. Apruzese. J1. Dav is. & K.G. Whitney, J. AppI. Phys., 53(6), p4020, (1982).
2. M. Krishnan, SDIO L 'SWL Review, 'Washington, December, ( 1989).

3.J.P. Apruzese & J. Dav is. "Pulsed Power D~riven X-ray Lasers: Fantasy or Reality'?" Proceedings of the Intl. Conf. on Lasers 89.
December. (1989).

4. C. Deeney, J. Levine, T. Nash, P.D. LePell & M. Krishnan, GSA Proc. on Short Wavelength Coherent Radiation: Generation and
Applications. p15 7 , (1988).
T. . Nash, C. Deeney. J. Levine & Mi. Krishnan, Proceedinos of the International Conference on Lasers '88, p82, (1988).

~.B. Welch, F.C. Yo;ung, R.J. Commisso. D.D. Ilinsheiwood, D. Mosher & B.V. Weber, J. Appi. Phys 65(7), p2664, (1989).
FLC Young., S.J Stephanakis, V.E. Scherrer. B.L. WVelch, G. Mehirnan, P.G. Burkhalter & J.P. Apruzese, Appi. Phys. Lett.
50(16), p1053, (1987).

S. J.P. Apruzese et al., SPIE Proc. on Short and Ultraishort Wavelength Lasers, vol. 875, p2. (1988).
9. C. Deeney, T. Nash, P.D. LePell, M. Krishnan & K. Childers, AlP Conf. Proc. 195, p55, (1989).
10. T. Nash, C . Deeney & M. Krishnan, "Application of Time-Resolved Spectroscopy to Terawatt Z-pinches", Second Intl. Conf. on

Dense Z-Pinches. Laguna Beach CA, (1989).
11. E.C. Young. S.J. Stephanakis and V.E. Scherrer, Rey.Sci. lnstrm. 57(8). p2174, (1986).
12. C. Deeney, R.R. Prasad, T. Nash & N. Knobel, 'Extruded Sodium Wires for Z-Pinch Implosions.", To be published in Rev. Sci.

lnstnn., (1990).
13. I.P. Apruzese & J. Davis. NRL Memo Report 5406, (1984).
14. ',,. Krishnan. C. Deeney & T. Nash, AIP Conf. Proc. 195, p17, (1989).
15. K.G. Whitney & J. W. Thornhill, AlP Conf. Proc. 195. p143, (1989).
16. R.B. Spielman, R. Dukart, D.L. H-anson, B.A. Hamnmel, W.W. Hsing. M.K. Matzen & J.P. Porter, AlP Conf. Proc. 195, p3,

(1989).

26



SMALL SCALE SOFT X-RAY LASERS;

APPLICATIONS TO MICROSCOPY.

CA-l. Skinner, D.S. DiCicco, D. Kim, D.Voorhees, and S. Suckewer

Princeton University Plasma Physics Laboratory,

Princeton. N.J. 08543

Abstract

The widespread application of soft x-ray laser technology is contingent on the development of small

scale soft x-ray lasers that do not require large laser facilities. Progress in the development of soft x-ray

lasers pumped by a Nd laser of energy 6-12J is reported below. Application of an existing soft x-ray laser

to X-ray microscopy has begun. A soft X-ray laser of output energy 1-3 mJ at 18.2 nm has been used to

record high resolution images of biological specimens. The contact images were recorded on photoresist

which was later viewed in a scanning electron microscope. We also present a Composite Optical X-Ray

Laser Microscope "COXRALM" of novel design.

1. Introduction

The field of x-ray laser technology has recently magnitude higher than the collisionally pumped

matured to the stage where the application of case. However the pump laser required, a 300J

these devices to fields such as x-ray microscopy Is C02 laser, was still large. In order to increase the

underway 1 and commercial units are being output energy and efficiency of the 182A soft x-ray

planned with a view to industrial applications laser we have been developing soft x-ray

such as microlithography. A critical factor In such amplifiers. A gain of 8cm- 1 has been measured in

development is the scale and hence cost of these a 3am long carbon plasma transversely pumped

devices. The collisionally pumped soft x-ray laser by a 3nsec Nd laser pulse of energy 25J. of which

in neon-like ions, developed at Livermore 2 , only 15J impinged on the target 4 . In this paper we

requires a large scale laser facility such as Novette will present initial gain measurements of 4.5 cm- 1

or Nova to create a plasma of appropriate at 182A in a carbon plasma pumped by a 6J laser

conditions. A 3mJ, 182A soft x-ray laser based on pulse5 . Application of an existing soft x-ray laser

a recombining plasma was developed at to the field of x-ray microscopy will be described in

Princeton 3 with an efficiency almost 2 orders of section 3. An intensive effort to generate gain in
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the target in the axial direction, selected a limited

spatial region which was viewed by an axial soft x-Length-Varying

Cylindrical Target ray spectrometer equipped with a multichannel

Stainless detector. In the experiments the slot was placed inBevel Steel Blade

Gear such a way that it selected a spatial region 0.0 -

4N IZ 0.8 mm from the target surface.
Mask & Line Focused

Li Slot Laser Figure 2 shows the intensity variation of the

xuv CV 135A, OVI 173A, CVI 182A. and CV 186A lines
Spectrometer with respect to the plasma length using a 6J.

Fig. 1 The rotatable target system. 3 nsec. laser pulse. No stainless steel blade or

magnetic field was used. The CVI 182A line ( 3-2
the region of 10 A is also underway at Princeton transition) increased non-linearly while the CVI
and was described in the 1988 Proceedings of this 135A (4-2 transition) and some other lines

conference 6 . The powerful sub-picosecond laser is ncreased linearly as expected from optically thin
now operating close to its full design goals of 150- spontaneous emission from a homogeneous
25OrnJ in a 300fseec pulse 7 and work on the

plasma of length equal to the length of the target.
physics of laser-matter interactions at these ultra

This was a clear indication of gain on the 182Ahigh intensities is underway. This article will
line. The difference in the length dependence of

concentrate on the development of small-scale soft

the 182A and 135A lines here is very important
(the contribution of the 4th order of the CVI

2. Amplification at 182A with a 6J 33.74A line to 135A. even for the Imm plasma.

Pump Laser was negligible due to the large opacity of this line).

The data were fitted by a nonlinear regressionIn this section, we present gain measurements
model which performed a least-square fit of the

on the CVI 182A transition in a carbon plasma data to the relation:

produced with a 6J, 3 nsec Nd:glass laser pulse.

The experimental set-up was the same as (exp (GL) - 1 ) 3/2

presented in an earlier paper 4 . Figure 1 shows the I (GL x exp (GL))1/2 M)

rotatable target system used . A 67-cm focal-

length spherical lens and 450 cm focal length This describes the output intensity of a

cylindrical lens were operated in a slightly Doppler-broadened, homogeneous source of

defocussed arrangement to produce a -200 pim x 5 amplified spontaneous emission of gain-length

mm line-focus on a length-varying cylindrical product GL. The fit yielded a value of the gain of

target. The target lengths used in this experiment 4.5 / cm on the CVI 182A line and of 0.5 / cm on

were 1. 2.5. and 4.5 mm (limited by the diameter the CVI 135 A line (see Fig. 3). This result augers

of th.e access ports in the target chamber). A 0.8 x well for the commercial availability in the near

2 mm slot in a mask located 1.5 cm away from
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Fig. 2 Spectra obtained with 6J laser energy from Fig. 3 Intensities of the CVI 182A and CVI 135A

carbon plasmas of length: (a) 1mm, (b) 2.5mm and lines versus plasma length and (dashed line) a

(c) 4.5 mm. least squares fit to the gain equation (eqn. 1) with

again of 4.5 cm - 1 at 182A.

future of relatively inexpensive soft x-ray lasers for uniformities in plasma conditions along the

a variety of novel applications, plasma region viewed by the detector and not due

Very recently there has been a report by Hara to stimulated emission.

et. al. 8 of gain in the soft x-ray region produced

by a small scale (6J) pump laser. The presence of

gain was deduced from the non-linear rise in 3. Contact Microscopy using a Soft

intensity with length of AIX and AIXI emission X-Ray Laser

lines. However. in contrast to earlier work by Kim Much progress has been made in Biology and

et al. 9 the non-linear rise of the "gain lines" with Medicine due to the high resolution images

plasma length was not referenced to a linear rise obtained from electron microscopes. 'However, in

of -no-gain lines" in AIXI such as the 14.1nm order to be viewed by an electron microscope the

transition, leaving open the possible influence of specimen must undergo intensive specimen

other effects. A non-linear rise of intensity with preparation techniques and it Is clear that some

length on the same transitions in a similar information about the living cell is lost in the

experiment I 0 was shown to be due to non- process. One can view a live cell with a light
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Fig 4: SEM image of replica of Granulocytes from Fig.5: SEM image of replica of hela cells (Helen

Limulus Polyphemus (Horseshoe Crab).The replica Lane cervical cancer cell) that was subject to an

was generated by contact microscopy using the viral infection.

18.2 nm soft x-ray laser

microscope with high fidelity but the resolution is, One topic of considerable current interest in

of course limited. Soft X-ray contact microscopy biology is immunology and since this involves the

offers a new method to obtain high resolution dynamic response of immune cells to foreign

images of live cells. The specimen is contained in matter it is a natural subject for investigation by

an environmental cell isolated from the X-ray laser soft X-ray laser microscopy. One of the most

vacuum system by a 120 nm thick silicon nitride primitive and hence simplest, immune systems is

window. The image is recorded on photoresist found in the horseshoe crab (Limulus Polyphemus)

which is later viewed by an electron microscope I 1 where there is only one type of immune cell to

The highly collimated output beam of the soft X- fulfill several functions. A sample of blood from

ray laser, compared to a conventional plasma light the horseshoe crab was dehydrated in an ethanol

source, has the advantage of less penumbral series and critical point dried using the standard

blurring of the image and more flexible microscope procedure but was not fixed or stained and an

design. The soft X-ray laser also has the exposure was taken with the soft X-ray laser

advantage of a 10-30 nsec exposure time enabling contact microscope. The resulting images viewed

flash images of lve cells to be recorded, unlike the in an JEOL 840 scanning electron microscope are

several minutes needed for synchrotron sources shown in Figure 4. The depressions apparent in

which effectively prevents the imaging of live cells the granulocyte are known to exhibit immune

with synchrotrons. functions from work in conventional electron
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COMPOSITE X RAY LASER MICROSCOPE (COXRALM)

Flexible Connection
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Fig.6: Schematic of Composite X-Ray Laser Fig.7: Composite X-Ray Laser Microscope:

Microscope. "COXRALM".

microscopy. The smaller white features covering 4. Microscope Development

the cell are new and were not apparent on images Perhaps the greatest potential for soft X-ray

obtained in conventional electron microscopy. laser microscopy is in the study of dynamic

Their identity and function is presently unknown. processes in live cells. To maintain and

An improved technique using backscattered manipulate cells in a living state is a considerable

electrons for initial viewing of the specimen I was experimental challenge and for novel microscopic

used to obtain the image shown in Fig. 5. This is a techniques to have a significant impact in biology

SEM image of a replica of hela cells (cultured they must be practical and convenient to use. To

human cervical cancer cells ) . An embedment- this end we have developed a Composite Optical

free section of a monolayer of extracted hela cells Soft X-ray Laser Microscope. "COXRALM" (Figures

that had been subject to an viral infection was 6,7). This is a new type of microscope combining

prepared on a carbon/formvar base. The replica an inverted phase contrast optical microscope

was generated by contact microscopy using the with a soft X-ray laser contact microscope. The

18.2 nm soft x-ray laser. inverted optical microscope has already been used

as a microspectrofluorometer for the study of
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transient coenzyme fluorescence changes in living the P.B.S. resist by G. Taylor at A.T.&T Bell Labs.

cells as a result of the intracellular mlcroinJertinn COXRALM was fabricated by Princeton X-ray

of metabolites 1 2 . This research is aimed at Laser Inc. This work was supported by the U.S.
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cancer cells. However the inevitable limitations in of Basic Energy Sciences.
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ANALYSIS OF A SOFT X-RAY FREQUENCY
DOUBLER

M. II. Muendel and Peter L. liagelstein
Massachusetts Institute of Technology

Research Laboratory of E 2ctronics
Cambridge, Mrssachusetts 02139

Abstract The process which we have studied3 is the four-wave mixing

which produces w4 generated from

A scheme to frequency-double (approximately) a soft x-ray
laser using a four-wave mixing process in a plasma medium is L4= W1 + W2 - W3,

proposed and investigated theoretically. The potential for con- where w, and w, are x-ray laser photons with roughly equal
siierable conversion is shown in a Na-like K plasma converting
radiation at about 189 A to radiation at about 95 a . energies, or possibly the same energy, and w is an opticallaser photon.

I. Introdict ion This difference process is used rather than the straight sum
With the advent of laser sources in the EUV and soft x- process because in positively dispersive media such as plas-

ray regimes, it becomes of interest to consider the extension mas, only difference processes can be noncollinearly phase-
of optical laser techniques and applications to shorter wave- matched. As we shall demonstrate, the conversion rates are
lengths. Nonlinear optical phenomena in general have been of sufficiently low to require phasematching, unless very high x-
great interest and importance to laser physicists; the prospect ray laser intensities are achieved; and of the various phase-
of frequency mixing in the EUV is of special interest to our matching schemes only the noncollinear type appears feasible
group, both for the eventual production of a bright tunable co- in a plasma medium. Like the sum process, tripling and higher-
herent source for applications, and for tle prospect of achieving order harmonic processes also appear difficult to phasematch.
shorter wavelength radiation through doubling.

The low conversion rates also require us to use resonances

The mixing of x-ray radiation and optical radiation has on all three transitions; hence the desirability of different lasers

been considered previously in Ref. I and Ref. 2. Our interest for w, and w2, chosen to match transitions. Of course, W3 must
here is focused on mixing EUV radiation with EUV radiation also be tuned to resonance.
for the purpose of developing a short wavlength laser source,
since our group is working on a small scale (tabletop) EUV II. Conversion Example: Na-Like K
laser. In order to produce coherent radiation in the water
window in a future generation laser system, we propose that As an example, we study conversion in a plasma of Na-like

it may more feasible technically to obtain short wavelength K, as shown in Figure 1.

radation through frequency mixing rather than to face the 1.24eV1.26 eV
power requirements associated with obtaining substantial gain 7S I2eV -7P

in the water window in a small scale system.

Unionized matter is highly absorbing in the EUV. Efficient
frequency conversion in the EUV requires low loss, and we have 64.50 eV

concluded that a low density plasma will probably be most 64.47 eV

conduc;ve to the mixing procpss This conclusion immediately
rules out frequency doubling since parity selection rules cannot 4S
be satisfied in isolated ions which are found in such plasmas. 29.96 V

130.43 eV

Our approach is therefore to study four-wave mixing, in

which two EUJV beams are combined with an intense third op- 66.70eV

tical beam to generate harder EUV radiation at roughly dou- 6717 eV

ble the frequency of the initial EUV beams. Since it is unlikely

that ions can be found with two connected transitions at the - 3P

same energy (to within a few linewidths), it may not be prac-

tical to carry out four-wave mixing experiments with only one Sodium-like IX
VV laser and one optical laser. Our choice of ion was initially

motivated by the hope of developing a scheme in which only a Figure 1: Schematic of K IX energy levels and the four-wave
single EUV laser frequency would be required. mixing scheme.
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The initial state is the thermally populated 3 p, and each The single and tw(>-photon peaks are visible. The linewidths,
transition is LS-split. Note that either one x-ray laser at about which are due primarily to Doppler broadening, are sufficiently
65.6 eV should be used, or, for better resonance, two different wide to make the line-matching requirement not too demand-
la-sers, matching the transitions better. ing.

The multiphoton transition rates can be calculated straight- For the case of two separate x-ray lasers, we show in Figure
forwardly using Feynman diagrams, and the results are well 3 the dependence of XMa3 upon hW2, assuming that ha-'t has been
known". The nonlinear susceptibility is fixod at 66.5 eV, fairly near the 66.7 eV resonance.

1 
(3)

k W1a , ) - -3) EA12A23341'- 41P X (Cgs)

X

1 1 1' 2 1 
,,Two-photon resonance

31 One-photon

{1} 636 resonance

where only the resonance denominators relevant for w1 , '2 >> 137
-'3 have been retained. Here w1, is the transition frequency from
level i to level j. The results given in the figures of this work 38
derive from numerical evaluation of this formula.

Expressing the converted intensity in dimensionless terms 64 65 66 67 68
then gives us the scaling relation

pw (eV)

14 1' 113, Figure 3: Nonlinear susceptibility for the w4 = w1 + W2 -W

from which, in comparison with analogous schemes in the opti- process as a function of hw2 , assuming that hwl = 66.5 eV and
cal regime, the necessity of higher intensities, better resonance that hw, + hw 2 - hw 3 = thw 4 = 136.40 eV.
matching and phasematching is clear.

For the case of jst, one x-ray laser, with wl w2 , the oSome structure due to 7p fine structure splitting may be
nonliner thescetibiit X) xobserved in the two-photon resonance. Also, a cancellationnonlinear susceptibility X:(} is shown in Figure 2. occurs at 66.9 eV.

X (Cgs) Using input intensities of 10" W/cm' for the x-ray lasers

and 1012 W/cm2 for the optical, we find the intensities shown

Two-photon resonance in Figure 4 for the case corresponding to Figure 3.

-0;3 Conveted NL Podct
(phase moched)

One- photon f, to%
so 0%resonance (w/CM) conersion

-36 \

I0
T  1017

i638 O ,ote
I iI

64 65 66 67 68 '
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1,w(ev)

Figure 4: Nonlinear c nversion for the w 4  w1 + W2 - W3Figure 2: Nonlinear susceptibility for w, 2w, -w 3 conversion process as a function of hw2 , assuming that hwl = 66.5 eV
P3 a function of hw, assuming that 2 hw, - hw3 = 136.40 eV. and that hw + hw2 - hw 3 = 136.40 eV. The intensities for this

The ion temperature is taken to be 2 x 10 5 K in this and in the calculation are taken to be I, = lO1 0W/cm , In = l'W/cm2 ,
following figures. and 13 = 10 12W/cm2.
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The scale on the left shows the maximum possible non-
phasematched conversion before back-conversion begins. The

right-hand scale shows, for phasernatched operation, the value
of NL required for 10% conversion, assuming that other pro-
cesses do not limit the conversion.

As can be seen, the results are quite reasonable. In non-
phasematched operation, the output should be sufficient to al-
low detection of signal and hence demonstration of the effect.
Phasematching may allow efficient conversion of soft x-ray ra-
diation.

We conclude from the promising results of this example cal-
culation that nonlinear effects should be observable and useful

in the soft x-ray regime, much as they are in the optical. The
unfavorable scaling to this regime, however, will require both
attention to phasematching and resonance matching, as well

as high input intensities.
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ADIABATIC WHISPER-GALLERY MIRRORS
FOR EUV AND SOFT X-RAY

LASER CAVITIES

John Paul Braud

Research Laboratory of Electronics
Massachusetts Institute of Technology

77 Massachusetts Avenue, Room 38-280
Cambridge, Massachusetts 02139

Whisper-gallery mirrors have been studied for use in laser cavities for the
extreme ultraviolet and soft X-ray regimes. One cavity scheme proposed by
Vinogradov would use a cylindrical whisper-gallery mirror and a pair of laser
amplifiers. Unfortunately, the low-order modes of such a cavity are small in com-
parison with the amplifiers, and hence single-mode operation would be difficult
to achieve. We examine a strategy for increasing the size of the cavity modes by
using mirrors of an elongated shape. Based upon an analysis relating the mode
structure of a mirror of arbitrary shape to that of a round mirror, we propose a
particular family of curves as candidates for the form of the elongated mirrors.

1. Introduction ing direction tangential to the mirror surface (but
A whisper-gallery mirror (WGM) is an optical orthogonal to the axial direction). The effect of a

structure which, by means of a series of glancing- WGM upon a beam propagating along its surface is
angle reflections, can deflect light through a large highly astigmatic: the vertical and horizontal struc-
total angle. Such a mirror has been proposed for use tures evolve quite differently from each other.
in laser cavities for the extreme ultraviolet and soft The present paper concerns the mode structure
X-ray regimes [1-6]. in the vertical direction. We shall see below that for

the wavelengths and mirror sizes likely to be of in-
terest for an X-ray laser, the low-order modes of a
circular WGM tend to be quite small in the vertical
direction. As a consequence, it would be difficult to
couple a laser amplifier into only one or just a few
modes: the cavity Fresnel number would inevitably

e,, be large. Fortunately, it appears possible to increase
62 the characteristic size of the low-order modes by emn-

ploying elongated mirrors rather than round ones.

2. Modes of a cylindrical WGM
To get some feeling for the mode strucure of a

WGM, it helps to consider the simplest scenario, that
of a beam propagating azimuthally inside a cylindri-
cal whisper-gallery mirror. In this case, the "hor-
izontal" direction of the WGM lies parallel to the
cylinder's axis, while the "vertical" direction extends
radially inward from the mirror surface. The radial
eigenmodes of a cylindrical WGM are presented by
Vinogradov et. al. [4]. Their exact description in-
volves Bessel functions of large, complex-valued or-
der, but they may be well approximated in terms of
Airy functions. In all of the low-order modes, the
energy is localized close to the the mirror surface.
The lowest order mode has one maximum, the sec-

Fig. 1: Multiple reflections inside a whisper-gallery ond mode has two extrema separated by a node, and
mirrror. so forth for the modes of higher order. The char-

acteristic height of the lowest-order mode is given
When analysing what happens to a beam as it roughly as

passes through a WGM, it is useful to think in terms i
of a paraxial approximation [7]. Just as with the h -2(,\2 R)/ 3, (1)
more familiar wave optics of Gaussian beams, the 2
structure of the field is separated into its axial and where A denotes wavelength and R the mirror radius.
transverse dependencies, coresponding respectively As an explicit example, consider the implications
to variations in the one direction parallel and the of this relation for the laser system recently described
two directions perpendicular to the beam axis. The by Hagelstein [8]. That scheme would operate at 194
transverse structure in turn separates into a "verti- A on the 4d -* 4p transition in Ni-like molybdenum;
cal" part for the direction perpendicular to the mir- the amplifiers are to be repetitively pumped by a
ror surface and a "horizontal" part for the remain-
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Nd:glass slab laser at intervals of 3.5 ns. In order ations in c(s) with respect to s will induce coupling
for the time between pump pulses to coincide with between the locally Airy-like modes. (In the case
that required for X-rays to make one pass around the of a circu'ar mirror, tile curvature c(s) = 1/R is a
cavity, a mirror radius of 16.7 cm is required. This constant, and the coupling vanishes.) Tile coupling
implies a mode height h ; 2 pri, which is quite small between the lowest-order mode, IlI , and the second
in comparison with the 50 pim diameter typical of tie mode, 12), is given by a matrix element of the form
laser amplifiers. In principle, it would be possible to
increase the mode size by using a larger mirror, but d
the scaling is too weak to make this practical: raising Ml 2 v2s -- 1 1), (2)
h to 50 gm would require a mirror radius of 2.6 ki. ds

3. Elongated mirrors and adiabaticity dependent both upon the curvature and its rate of
The question thereby arises of how to obtain a change. For the optimal mirror shape, we seek that

greater mode size from a compact mirror. A pro- c(s) which minimizes the functional
posed solution [7] is to use an elongated geometry in
which the mirror's radius of curvature is large near
the amplifiers, so as to give a useable mode height I = ds !M,21' ds (3)
there, and smaller in between, so as to give a man-
agable cavity size; see Fig. 2. The result is

C')

in" .which.c(8)--(1-S3O)3/2 (4)

in which 3 and c, are arbitrary parameters. Differ-
ent choices of these parameters correspond to var-
ious members of a family of spiral-shaped curves.

- . - "The quantity 1/03 sets the length scale, and any

given curve terminates in an ever-tightening spiral
as s -+ 1/13. The dimensionless ratio a = 2co/O deter-
mines the curve's overall shape, with higher values of
a corresponding to curves of larger initial curvature.

am pIifiers Figure 3 depicts two curves having identical values
of 3 but different values of a.

Fig. 2: Cavity having an elongated geometry in order 0.00 0.20 0.40 0.60 0.80 1.00
to increase size of low-order modes. 0.50 ---0.401 a=1 .0

This proposal tacitly assumes that the eigen- 0.40

modes of a mirror of arbitrary shape should locally 0.50
resemble the eigenmodes of a circular mirror. That 0.20
is, within any section of the mirror small enough
that the curvature is roughly constant, the n-th true 0.10
eigenmode should be well approximated by the n-th 0.00 - 235
Airy-fuiction mode for a round mirror of equal cur- _0.10=0
vature. This is in fact correct as long as the cur-
vature changes very slowly along the mirror surface: -0.20
radiation injected in one local Airy-type mode will -0.30
remain in that form as it propagates, with the mode
height varying appropriately in response to changes 0.40
in the local radius of curvature. The argument here is -0.50.
analogous to that of the quantum adiabatic theorem,
which describes the effects of a slowly time-varying 0.93 0.94
potential upon a given initial wavefunction [9]. 0.18-

Within our constraints on perimeter and mode
size, however, the curvature is forced to change so
rapidly that truly adiabatic behavior is impossible.
The locally Airy-like modes are still a legitimate and
complete basis set for a description of the optical
field, but they can no longer be considered eigen-
modes. Any variation in curvature induces a certain
coupling between these modes, and only in the adia-
batic limit can the coupling be ignored.

4. Variational solution for minimal coupling
Although we cannot entirely avoid the mode cou-

pling just described, we can attempt to reduce its
effects. By choosing the mirror shape so as to min- 0.17
imize the net coupling, some kind of quasi-adiabatic
behavior might be obtained. We conjecture that such Fig. 3: Above, two examples from the curve fam-
a shape might be optimal in the sense of maximizing ily giving minimal coupling between modes. The
the mode height for a given overall mirror size. axes represent Cartesian coordinates in units of 1/#.

Let c(s) denote the curvature of the mirror as a Below, detailed view at the endpoint of the curve
function of arc-length along the surface. Any vari- a = 0.235.
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Sections of these spiral curves can be pieced to- mode coupling, a special family of mirror shapes is
gether to make a complete cavity. The cavity shown obtained.
in Fig. 2 consists of four identical sections taken from To what extent these elongated mirrors are an
the curve a 0.235. improvement over circular ones remains to be seen.

It may be feasible to incr! ase the mode height by
5. Conclusion a factor of ten or more in this fashion, but a bet-

In summary, the low-order modes of a round ter understanding is required of how the presence of
whisper-gallery are small in comparison with the coupling affects the mode height. We do not know,
sizes typical of an X-ray laser amplifier, and there- for example, just how large a coupling can be toler-
fore a cavity incorporating such a mirror would have ated before the mode height predicted on the basis
a large Fresnel number. A possible solution to this of truly adiabatic behavior becomes invalid; a more
problem lies in using an elbngated mirror. An ap- exact analysis is needed.
proximate analysis of the eigenmodes of such a mir-
ror can be constructed in terms of the eigenniodes Ac know ledgment
of a circular mirror. When the condition of adia- This work was supported by the United States
baticity is not met, however, the analysis must be Department of Energy, Division of Advanced Energy
refined to include the effects of mode coupling. By Projects, under contract DEFG02/89CRI4012.
choosing the mirror shape so as to minimize the net
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lAS iv 'YiS S [ ) [LU (OR NOVEL X-RAY LASER SiH[iES 'S[ING ULIRA-SilT'RF LASER MI' R S1.

04. Wiii , I. Aishar-rad, V. Barrow. j. Edward And R. Sr'ith

jh, i Ilackett TaboraL 'v, 12(', I I CO I 1 -t ) 1t Si-n , 1'- III) n o g and n di . , 1.

SW7 2hZ. 'K.

ABS IRAC I

Fh,' interacti n l ultra-short highi power laser pulses with matter offirs great potent al tor ti, pr-i:, ti ,n

tf ~ture X-rav laser media. To dat,, most X-ray and XLV laser expt'riments have rt'tuir-d v-v Iar,. ,rd

expensive visibe' lase'rs to produce, moderate gain and only very ,small co'vk',rsion ,tfi i i, it's from tI,,

opticaI to th XUV spectral region have b,n achie'vted. With tL recent dcvlopme.nts of sub- and pic, 4n41d

Opt caI tabletop last'rs it has becoam' pass ibl, to generate the r'cquired pump p4),Irs ill m 'd'rat las- r ' '-t, is
for the prcA.t ion of hot, high dinsitky plasnas as X-ray ast r media.

Ihis paper discusses some' ot th' basic physics issu's which iare rtl'evant to X-ra !a'er s.s"tm s bas. d on hiih
t 'mperatare , high dens ity plasma produced by ' itr-i-'lirt liser pulses . in part i siar, the dominant as, I

absorpt ion prtctsses , energy t transport and -onizat ion mechani sms, at c losE to s id densitk, will h

investigated and discussed n the context of experimental rt'sults recorded on sol id tarp_-ts irradiat,'d W'ati a

3.> ps KrF iast'r pulse with an energy of lip to a Joule. Finally, a novel and k''rsatPie diagnostic basn do
th. Moire detlvctometrv technique is described which will allow the characterization o1 the spatial

div'rlnc' lild tih- transvt-rse mode strueture of an X-ray laser beam,.

I nt roduct i ol

Significant progress has been made in the development of soft x-ray lase rs in rec"t years. XV laser action

has now been demonstrated on numerous transitions with wavelengths as short as 44 A usirg calisional

txcitatin
I
-4 and rtcombination schemts 

5 - 9 
All the present working Xi;V laser systems however are pumped by

k'ery Large visible lasers. Consequently the research is very expensive and imi ted to a smal I number of

laboratories. With the av.- lability of multi-terawatt tabletop laser systems similar and novel x-ray laser

schem's can now be invstigated. The interaction of a single picosecond, high power KrF laser pulse with

solid targets has recently been studied using time integrate'd and time resolved x-ray spctroscopy.i0L14

Fully ionis'd aluminium plasmas with temperatures of about 400 ,.V and densities well abo,- 10
2 3 

cj
- 3 

w5 re

observed. 10-12 It was inferred ironi titanium KQ emission measurements that about 20' of the incident lastr

,-n''rgy was deposited in suprathermal electrons.13 The lekel of ionization was inv-st igat''d by observing K,

L and M- shkll emission on various targets. 14 The application of hign density plasmas produced by picosecond

laser pulses for r,'combination x-ray lasers ha been discussed in a recent paper. 15

This paper discsses some of the basic processes occrring during the intt'raction of ultra-short laser pulses

with matter r,sulting in ti' production of hot, high density plasains as pmp medi a. In particlar, the

absorption of the laser energy, the transport of the absorbed energy into the solid material and the

ionizat ion of the' sol id are considered. A s imple, novel technique based tn Moire deflectometrv is described

which allows the spatial divergence and the transverse mode structure of an x-ray laser to be dectrmined.

Lf simultane isl' the bandwidth of the lasing transition is measured rhen b,rh the spatial And tt-ptral

co-hert'nce are known.

Basic Piysical Procusses

. bstrption of the laser Light Incdi'nt on Stiid Targets

[ha absorpti o 'n laser pulses with a duration of tens of picostv'onds to4 nanosecnds is 'i quitt' well

tnd.rstootd. 16 An und 'rdense plasma is formed rapidly resulting in th abs rpt in , f -'4 h, I r ner'' 1 ±'( ' ,

or at th, critical d'nsity surfic via a co'mbinaititn of invtrs, bremsstrahlung and rtnsnanct abstrptitn,

dep ndin ,i t tn' Iser conditions and tarect matterial. R'sonanct absorption h,,tllt's tIl, dominant proc,ss foi
SI I -I I ()

! 4  
Wum. ! .'m

- 2 "
,

In -iltris t WIh- TI tb tr 1)in tse'cond lIsir puIls's airu listd th' Is''r ,'rgk' is absoi'b d cltost, t'o or at the

inuitiI t:L rvt ur fa.' sine- iut si nilieaint il rtivdrcdvnamic vt xpansion c'an occur oni those' tim ' staLus. Lit Las"r

i.,'rgv ma b- :bstrbed thrtu h a variety tf me'ctha isms including in trs'' r' n sstrahlun , rtso nance

ibsrptioi and thms. 
1
7-

1
9 Invtrt bremsstrahltng ma not , ,rv k f' ficietnt i Hcaus- of th vtrv stt ep

dins itv y gradiints proci(ed und r t hoe Ialtra-short I asr irrodi anc ' c nitit ions. Abseit iti I rn ti 'ns oaf

I, s t hin It)' ar' ,'st uit iat>d 1,r I-nst v s a Ii I 'ngtihs I 'ss than 5 va us I n the abs -rpt i oni cot 'ftf i inl irn

inhm,g tn,'i po Ismi's Fr so ld i,nsitins higher ihsorpt ill ,tIici,'n, 'mcs are obtii ,d wu the, t\I , - -c t

part of the lectromagn t i, wai'. is ta kn int asv-' tit. 21 Iwts'r lit, tii n l t fulls crv tuickt' sl i
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th olid is h .itti t pr t r s ,o f a tow tno- f t V4. btmis- " ,ntly. it inv'rS; bremsstrahlung w -r,

the nl - b, -,I t ion rt h h nis'ii o p rat in,, it iilt not pr e possibl, to produce plasmas with tI-mp raturvs

of op tP, kA i c r,. Ii d tor x-rta :is, r purmp T,.dia.

On L I , tl, r hiid r , onnt ,o 1 -1 (ion u ay b 1it it t' an -t t ttI cint pr,,. s I . -.ncrgy d,,p sit. Io close to

th, t 1:- .0 iw- According t, I inar resonanc abs orpt ion tit ,r-,--2 th fractional absorption dpends

OIn ,,L ) 2 0 -itn 2. 4 Mid P1xi'lliz,.- ,It approximatetly 50; for (k ' silnt , 0.6. It,' resonance absorption

fr t:i , I:l t,, e, .:t Itt,d as ,1 ti t ion of tho- pl,isma dionsitv scal lt- ngth. Ihis is shown in figur, I for two
di r, o , - A m i , ,-,-,-., win i n Iv ra' val l , t in 2"3 ot 002, appropriate- for f/2.5 optihs, has

b. n , J i, t di, t, .1 maximutll i ,orpt ion is obtain,, t a "al,-lngth of about 3.5 Wm.

z 600

o,..-SlN2E = 0.02
.. 50

Cr 40

Q 30

z SIN 2 G =0.08

U) 20
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0 01 01 10 10.0
SCALELENGTH Qro

t ,r, I 1'r. di,' -1 l,,v1,It ri.,,nanh , a0s, pt Ion with an angle of incidence of sin2 
, of 0.02 and 0.08

, ,i t ni, tion of t h,' dcnsitvY s ,alo,1,,nyth.

11n, t ,,s anc,, abs rpt in If short pu1s-s has bon invest igatd experimentally by observing the

I. tf IKt r i:iittItn m tt,.d from plist ic v,rcoatcd titanium targets which were irradiated with a 3.5 ps

p- it KrF Ia,,r pu-- a t nt ,n Int t it v ot 3x 101 bct -2. 
3  time integrated measurements of K, emission

h pv-, .i , 't i - t , 1i,-t min, th f ract ion of tho incident laser energv that is deposited in the

Irpt !" tist , cl, r,,n -nr t d v r-s nnc e abso rption oI long ptlses.3,24 Figure 2 shows the absolute

, - .. t tniit it ,.-K a t tt ,on a a th plastic la er thicknoss for a series of targets irradiated

ilm& r Pw:il r W t "r ,,mW p,4.
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Ln

22
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0 L

02

PLASTIC THICKNESS (pm)

2u .Ah so IITt t i t anIiim K,1 rut,-usit it s as ~I tunct ion of I rtt r thicknt ss. The error bar is a result
liincertlaint Its ill tit crectal ret bet ivlt\

Frost dh I it Itr 1tti i fIigulre- 2 a hot1 el cct ron t emperatLure can be i n ferred by a SSuIMi ng some d ist r ibut ion
2Fi-Ft p x -h kij . The, be-st agr(enent i s oh t a i ned for kij = 9± 1 key . ThTi s shu Id be comnared to thle

nil: ti ev ' prtssinou It ,F r examplIe , Es tohroo)k and KrUctr
2

)5 Tl /keV0i3T. /keV ) 0 2 5[1I 1ii iQ 5
)i 1/ . 6 1. where

i ti Lie 011InaI etrou tempera t ure,. For the above laser cond i t i ons and T,= 400 eV;iof1 12 .5 ItchV i s bain
I I A r~ , I'il' t1 W t I), il Hi th a si (I r d %-II no .

1 IrI-ge ti ' [0i ] te 111 - ta:,rgeti~ ho ot ele cc t ron s ta ale It e I et1- ittited using t he da ta trem an uncoated T'i
,, ( oI it i r 1:ier tiickuss =0 1kml in figure 2). The, fast electron induced 9,, radiation emitted from a

iri t tiv r- int etre sensitive to the fas -- ,to eoiysetu as long as the electron
0 Ik i irticaurlv wrzratr tha-n the K shell Ionization energy EKI .23,24 The energy deposited inee
l~rttwho-s t luores,.cc yield is a) is then given hb *l f,/(wxRxE~1 I where 1,, is the energy emitted in Ka

r id Iit ion sand R is tin- total raite or e~nergy loss into K sittI I io'nisat ion to the total rate of energy loss by
i t "I're.'ip, n this s;iripl tfi(nd expres sion to the measured TiK,, emission stuggests tihat approximately

'tic-' ill, Ju"t 1s--r .,n. rv trptisi tel into hot tiec,,tets. According to figure I this would require a

D.II I, i iesi roiiviircic i n Il itt itn w rt cairrie-d tilt 'sing the i-li Lagranian hedrctdvnamios, code, MFPI'SA. All
nt tSw pir-firm-I with a;I s wavceitt of 248 nm anti Al anid ptast t coat. UIi trrate. the

1 r 1.re was" vish it I u rr~ tmsrhiigip to tilt cri tt iI d'ensity. Resonanlce absorption was
di intl 1 lii dii ot the renainin', u-,rge, beLteen I and 50', at the critical density surface.

h, re tsollrt It iv :ihtnniti nieprtti i ti hot otIec t rtit was assuimed t o h (). 9 .The hot e'lectron
II , I it I en:1Lr'I d incl t ) i vi i 2()

I i 'I rl'I ti t r i-Xjtrinwtrtlti I v it ,si, ectron du-st tin anti tomperatiirt wis folind for a
is Pl '- ,ti'1 111 i- p ' 1 i.- 2 i ii i tit, istt ti it i t hat tbta ined frotm tilt Kc measuirements. A hot

T ! I t 1,1 I - i- 1lr -'s int ,v - I 1( k,,' was, tht Ii Ii in, i t e ,od . Hie s imitlat ittns inldicated that verv
Ii tI i " I. ii i I , was ihsir!h via ii.s hr, sstratine', h~catis tt tint Stttp density gradiett.

1~ ~ ~~~i M Iw 1 o-fpt i t:I of 20 a d, int.: wit. 1 gtir ttt about (). . , is prci, t d he tint hv~dr-odvnamiS
;,1, 1 it 1c ls s. 'rut": ''i wilit 11 ' sit, st, iich nthi cit 0.3- F m fnt r 20C ibserpt ion obt ained in

I -, tl ' r-,.iiiium airs; i-pt i-I shit l L- act i' S d h., irrathiatili, tilt target at tilt otimil angitt it
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Alteirnat ive -absorptiou processes have rvcnt lv been studied theoreticallv. 18, 19 However these. models
predict relative s[11,l .bsorpt ion perciltagts.

2. Enor :v I ransport

Sev.ral processes such as thermail cofnduction, radiation Iransport and hot electron transport may bk.
responsibl for the transport of the laser energy deposited close to the initial target surface into the
solid naterial clisking imiiziation close to solid density.

2. I lrcil electron transport

the laser energy deposited bv the short laser pulse is transported to higher densities and into the solid by
heat conduction. The equation 01 heat cinduct ion can be written as 2 7

- - <(x vT) + q

whore I is the temperature.is the electron thermal diffusivity (aT
5
/
2
), q is W/Pcp, W is the energy input,

C is the density and a p is the specific heat. Solutions to this nonlinear equation generate sharply bounded
at wavos travelling into the cold material.

HOT CORONAL REGION

# INCIDENT

COLD SUPER- LASER ENERGY
DENSE PLASMA

I x

POINT HEAT SOURCE

IFi,-re i. ihierrnal wav, propaini t ion
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In order to study the heat propagation at solid de'nsitit's, the laser absorption must occur close to sO lid
density and in a puls,'lv'ngth short compared to the plasma hydrodynamic response t im,. Th, hot, dens, plasma
only persists until the rar'faction wave driven by the plasma expansion overtakes the thermal fruit. An upper
limit can be placed on the laser pulse duration by estimating the lifetime of the solid stat, plasma thrmugi
comparison of the heat wave v'ocitv and the hydrodynamic expansion velocity. The lifetim,. of the solid "tat-
plasma can b writt-n as

2 8

to-aa[+V] / 2 [k NP] 2  1

1 is the laser irradiance in Wzcm
- 2 , 

M is the ion mass, k is Boltzmann's constant and N is the number density
of the solid.

For typical laser and target conditions with I = 5xIO
16 

Wcm
- 2 

and aluminium as the target material, to = 18
ps, in order that a heat wave can propagate into the solid, a laser pulse shorter than 18 ps must b.' used.

Computer simulations have been carried out to study the propagation of the heat wave into the solid densitv
material. Figure 4 shows the result of a simulation for a 5 ps KrF laser pulse focussed t,, an irradi.ncc of
4xiO WcMn<. A large heat wave is clearly seen to exist beyond the position of the initial surface
travelling into the solid.

t +3 Ps

t:Ops (peak of the laser pulse)

7

6 
t =

(5 , - ,0)

0- oIKr13 i :mo~

-0.8 -0.6 -0.4 -0.2 0 02
RADIUS {lan}

Figure -4. Computer simulation showing heat wave propagation into solid density material.

Vh-rmal transport for ultra-short puls's was further studied with a 2-D Fokker-Planck cd't For short
puls the Fokker-Planck simulations shw-i that almost all of the absorbed tnergy is transported into the
target it'. towards higher el,'ctron dnsitis. A flux of 0.I time's the fret streaming limit was found to he
appprpriate 'en for I0 Om diameter focal spots. This is in contrast to the longer pulse case in planar
g',m'try wh'ro a lat-ge fraction of th' ahsrh-d energy is spread laterallv across tiM target surface.
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2 Ruid juat ju fi *rans po rt

ai si lase 1,r ncV i s ab so rbed ajnd t h' Ilca -;ma furrmcld, bs - to -,I id densit ies a large, fraction ot the

abhsurhebd ,noerv mu'; b, conve rtecd joit t'o f t x- ruv ruadj at on(it. Con s eqtint Ilv rud i at i on t r anis por t may b, a
nuniri~ t nt, rev t ru juitt, r me ',11 1 i STIu in 11T I :s r j) rrodrvu I h' lt ral ihor t l A -eI prl Is' .l11, au " I t h, !I 41

plc1jsmu don, itv nd t rans ient na tuire o f thut, syvstecm, de tuai lecd l ino shu pe and j on iz at i on / rad ia tion pa ckage,-s
w i I I b r, i i rd t o i nve st i gute thet( problIem ful lvI.

2 .3 Sitp)r at he rma I elIec t ron t rans por t

A-. d i seijssed ibovc a l arge frac t ioni of the i nc i dent Ilaser ene1rgy mav be dt-pos ited i n suprathormalI e lec trons
as aj resuilt of resonunce- ahsorpt ion. The suprutheria 1 electrons are emitted predominant IV down the de-ns i ty

grad i, tot . Ioeer, the gene rat ion of space-charge electric fields draws them back int the target where

the i r energv is deposited giving rise to heat ing of the sol id. A detai led analyt ical model of energy'
deoit ion by supratlierma I elect runs has recent Iv been derived and compared with experimental date.

3. on izat ion Phlvs i's

flu, produc t ion of hot Plasmas via ,onvent ional laser absorpt ion mechanisms rel ies uon the format ion of an
ini.' z,, nc ioum. Cent ral to the, problem of creat ing hot , bense plasmas wi th ultra-short pulses are , therefore,

p1 ounia tn i zat ion t i mes s

'[t , inzit ion of plasas resulting from absorpt ion of 3. 5 psKrF Laser pulses with irradiances in excess of
1( lb W, 1,- at thle target surface has been invest igated us ing t ime resolved and time integrated x-ray

sp trosm.)pv. fin part icular , aluIminium (Z= 13) , selenium (Z=34) and tantalum (Z=73)I targets were used.
ftitr 1 5 a ) and ( hI) show densitometer traces of spectra obtained for a laser irradiance close to 3x]0

16

1st rum Se and f'a targets in the region of the Se L-shel I and Ta M-shel I respec t ively. As can be seen,
-.t r ng cl- stion t r-u several iutruzat ion stages is observed iti each case. The alumimium K-shell1 spectrum is
sniwn i n t i cure -- i. Evidenti y, at least part ialI ionization of the K. L and M-shellIs of Al, Se and Ta

nspeti e IV is poss ti o)ver the laser pulse diirat ion of several picoseconds.

Ne

Seleniumn

O F Ne

F Ne

L~

2p-5d 2p-4d 2s -3p

m. t-ul ii.tf r t r a t it , litim L-slullI spec t rim showi ng Ni-- i ke ions.
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Ni
3d /2 - 4f5/2

Co Cu
l'ai t r , 1/3d 3/2 - 4fl/2

Fe

Ni

Ni
3 32 - 451/2

3p - 4d 3d - 4f

i l it r trLiJfatoniater traLe ,,f tantaLii -sh-ll sp,ctrun howinL: Ni-Iik,, ions.

r IMr Int iI ,ndi t ins have b,,,n simulat fd ror a S, ta-ggt using EDILSA assuming conditions and
p arilt " Ar id,nti-at to ths, used above ( s,e sec tion I. Th. average degree of ionization in the sample was

I , with t :,-d p ph it, /z-ro-dimensi,,nal, av,rag,,-atom, screened-hydrogenic atomic physics model

h , '' 1 i on31 o ,Iss Is ,,ns i ,r td to cint r i butte t, the ( d, )popkl tat ion of an atomic level are collisional

Id,.),, rit oll, i 'at ion and thr,.- body r- combinat ion. Any suprathermal component to the -e lectron
ti-i I"t

I t i o nI tII' i s S ord althou lh this will have so e, toff,ct on the ionization balance. The plasma

cs ,nsid,. - d , mpltlv opt i cII t hin and radiat iv, conup ing betwc-n lev..ls is via spontaneous decay only.

1 1 . s olmpt i , i. probaly nIt just i i-i tnd r Lths-, condlit ions. how wver, a preliminary investigation

I t .0 ,,s th t th- i lu o;in , i r dl iit i, fieId in th, hot plasma wilt be unlike'Iv to alter signi ficantlv

1,. 1 cII nlsin d]rawn lore', alti,,g tl' ionization rate and average degree of ionization may be
lightlv in r.I- 'd. M Ilti-ph,,ton 1)r, ,,s s,, h;ive nt hen inclIud-d. The ionization calculation is initiated

A <I I 'c iI :it,, lrs It-,i , c in iz-,,.

F[:icir,' 'P i h[w i , insitv and t,rnp, ratur- profiles c:lculated by MEDUSA for the Se target near the peak of
tl o, r 1 1- 1 It pt s ,. FigW" I r - (b) hows th temporal evolution of the, plasma conditions near the front of the

tar,-,t t ' thur witih th, tim,-i,pnd nt avera,, h r , innization. As can be soeon the plasma is rapidly

i, I111 , I nti t 1 13- r p15Is; r , :ind signi ficant I-slh, I emission should be evident hefore the end of
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Dens itv and t 'nperat or' mtsiirt'mt'Iit s

The plasma condit ions such as the electron d.nsitv and temperature have been obtained by recording time
resolved X-ray spectra trom aluminium targets which were irradiatd by ti, 3.5 ps KrF laser vulse. Fi ,r' 7,i
shows a streaked spectrum taken on an aluminium target irtadiated at an intnsitv of 3 x lOicmT2 

As can be
see n, the A 1 iPe I Is 3p) tr s it ion is very wide and intense, and dominates the spectrum. The
fiey(lls-1l4p) transition, which is tar less intense, turns on approximately 13 ps after the lieS transition.
In addition, the higher members ot the l-like and lie-like series are extremely faint.

his and othcr X-ray spectra were analyzed to determine the plasma electron temperature and electron density.
flh, elec-on dnsitv is obtained by comparing the experimental Stark profile with those predicted by the
atomic physics codes RATION and SPECTRA. Figure 7b compares a synthetic line profile with a microdensitometer
trace , of the lin ' profile shown in figure 7a. [he trace was taken 15ps after the start of the emission.
the best tit was found for an electron density of 1.4 x 1023 cm

- 3
. The calculations of the synthetic spectra

assume small opacity corr'ctions using a plasma of one micron in size and electron temperature of 400eV.Th,
x-ray line emission continues attr the ond of the short laser pulse since the target is largely heated bv
suprathrmal eletrons and the resultant cooling time of the large hot plasma dotermines the x-ray emission
I i t

SHe, 
FX PE IMEN T

-ll-- 
LL

V "iN."' 55'ST02A
S e, 

/ri5Perr

• 
80 - 0. .O ", - 0

LINEWIDTH '

F ig ir, ' -. i. tr- lk It 'crd t O f n a lurnin ium ta rg e t ir rad ia t d w ith a 3 .5ps la se r pu lse .

F i ,u r . 7 1b . k 'm p r i s n , f t h , -x ,,-i~ i6H u t a 1 l i n e p r o f i l e () f A t tH e t w i t h a p r e d i c t e d p r o f i l e
c~ictlat'dwith 1, 40,,)'lV and n, = I., j: 0

2
3 cm

-
3
.

111" e" cr ,,n1 t ,nip,,ra tu r , i s d ,- - e d fr,-.-. t h e I i - e r it io o IF A 1I L vOt: A l dte~ r e c o rd e d o n t i ro i n t e g ra te d s p c t ra .An e lt, 'cro n t -ip, ra t r , , f 400 t eV is ob ta ined by u s ing e st m ate s o f se l f-abso rpt ion fac tors to co rrec tf,,r O )p . 'I t v vI I t s A ri s, m b , -ih c t r o n t m p r a t U r " c a n b e o b ta in e d fr o m t im e in te g r a te d m e a s u r e m e n t .,n e thb k ,t t 'x- y cin ,'-s~ c tr 1 ve a short period of time when the plasma is near its peakt~ u-p v r lt~ r , h - r q~ ,r v d in t h , , t i , l r e s o l v e d s p e c t r a . Il i., e le c t r o n t e m p e r a t u r e i s c o n s i s t e n t w i t h s p e c t r a l<> < , v i n r , ,o r d , d . i t h K C :[ t ai r g t s , w h r o , n o h d r o i~o n i c l i n e e m i .- s i o n w a s s e e n . R A T I O N / S P E C T R Ap i', ,it I n ';1 ,,w tha1t th, minimum ,,,< rm t:p'-t lr-'quittd for h dr gfnic chlorine omission is
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Charact,, rizat ion of X-ray Laser Beams

rith tire :,,, .t srrassfil demonstrat ion of XIV laser action, the development of fully quantitative
dI I Z'1-t i sI itrlh c l ,)!- x-ray laser beam characterizat ion has be come important. In particular,

s'r e ,I t t t lie spa i a il and temnoral coherenc,, baam divrgence and wav, front distortions are vital for
tih, d,, I ,pm,'it I -- neront sor- .s in tire ,-raw sp.ctrcl wavelength region. A simple novel technique based
. ,I Ii, ., ,t hiis rI.. t i , , -n p:ps,.-I P- which allIows tie spat iai i v r- r-- and the transverse

1 1ti . t II-,, ti I,- d, M t-mined. If simultaneously ti, bandwidth of the x-ray, laser transition is measured
C hri.n tiik spat i c]1 and t-ripir aI cohc reenC C at', known.

1,,ir d ,flectomet rv in its usual configuration consits of two Ronchi type gratings Gl and 32 of equal pitch
'. li-s.- ire spi ar, wav, I inear transmission grat i ngs with opaque and transparent stripes of equal width.

FI'm wacio lngths in the x-ray region thv are constructed of a mesh *f free-standing copper stripes to form
Irid ,f iIift ori pitch.

A spat ial map if the inherent diver,-nce of the beam can be plotted from the deflectogram together with any
4,-riot ricaI ay e rcts . liih inherent di vergenceo f the beam derives from two sources. The finite aperture
if; th ham, rcsponsible for the diffraction-limited divergence and the quality of the radiation itself, is
dI iner1 cs th niimber of transverse modes. lhi divergence is determined from the degree of reduction in
c,ntrst .f tho lccal Moir fringe profile. From the relationship proven to exist between the inherent beom
!iIcrce1ns and tire number of transverse rmrides

3 3
,34 the latter can be determined and is given by

[PA 1 ]2
NT -[- J I

NT is the niurber if transverse modes, A is the width of the beam aperture and C is the local fringe contrast
widih is calculated by dividing the average intensity of the two dark fringes bordering the bright fringe by
t rt,, i ot is o tih I .tter at that location. The use of this technique for the much shorter soft x-ray
wavi ,lIi th r,,gion, together with the typical grating specifications of pitch P=40-100Im and separation

, .iratings D< 10rm, g, ometrical optics can be applied to the propagation of radiation between the
--v-run ' UTrns, qu.ntlv, since the intensity profile of the Moire fringes resulting from a spatially coherent
b,,am is : tr iaauirlar function any smearing observed in the fringes will be the result of the inherent beam

1h,- t-isibil tv i f Nire dllectomtry in the x-ray region has been demonstrated recently. Figure 8 shows
two lIoire ti ingec pattern generated by a pair of Ronchi gratings with a pitch of 40 Wm and separation of 30 mm
Iirlz :i a las.r priduced point-source x-ray backlighter with a wavelength of about 10 A (Heat of magnesium).

g AZ.b shows t.- ff.ct of increasing the sensivity of the Moire deflectometer by reducing the angular
misumatci '4 b-tween the two gratings. Also shown is a densitometer trace illustrating the characteristic

t gri~m clir Nioi r, fringe profi le. The fringe profi le can be used to determine the number of spatial modes
wit i i in th is cas, is small as expected for a point-source.
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A"Mii t -ille pa Et ,rn Z-llirlitiiiq ili ngI p i n t-siiure X- ra.y back 1i gbter .

" r. S . .i\ X-r.i% i-rI ', pattlrn with incras,'d Sitn ivitV du' to a reduction in the gratings

n i' sit'i dnwl. ,, ,and tiN' oirr.-pondn4 ii-nsitmrit-r trace showinlg til' trianwlar fringe

Prit i~ Vi

At , : sh ill il l'i' ur- Pi'sl-ts a s'litaule -Wi turat ion t ir charactt'rizing the beam profile of a
S. I , I -', E - "!'!1. s nsiti itv of the M oir-' dtfl ctomet,'r is s't by the suitable chb ice of

r i n. :it,_h ' ih i i:cc-d for a part icula r grat in, pair, and tN' grat ing separat ion D. T i s

I ti A n i , i 3,I. n I I y a coil i , nillus s-l i n si Asiti itv. h- p,. i i, s t tip i pr tih- gratinos

' t -man, i iv dv prWa- iiiili'-ihir, iivd .r,.uci, of the, :am.

Figur 9. SCietlisatic Of the 'experimental arr .iini,,m'tt L for
x-ray laser beam pr filing .h ii, t:irsi.A t - rid

s paration S is typicall 50-100crim for an

overall beam diver ,init of 10-20mrads, such

that the beam diameter at the ditector fills

- -,,ii t -he gratings.

F is a filter.

Cone lus ions

!I 1 . , , I ,, i i," a'. al processeis occurring during th interact On of ultra-short laser pulses

Ai h '-a, t r h I% -nd i it iis,.. Hit , h i gh density plasmals are proiiiced by l ltra-sih rt laser pulses which

It, t II. !,1, i ti.d I I pr sont and n e,,l x-ra' laser scheme's. In add ition, a now l diagnostic for the

i t t I. At i n o , -r '. I lii'i SvstHIS has bon described.
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THE MOSSBAUER EFFECT IN THE 40-SEC FIRST-EXCITED NUCLEAR LEVEL OF '09Ag*
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Abstract

Narrow spectral lines associated with recoilless nuclear gamma-ray transitions (the
M6ssbauer effect) are prerequisites for the development of gamma-ray lasers. A successful
observation of the M6ssbauer effect in the 40-sec, first-excited state of 109Ag will
reveal valuable information on the practical limits of such narrow lines. We have used
the temperature dependence of the self-absorption of 88-keV gamma rays in a "°Cd-doped
silver single crystal to observe the M6ssbauer effect. Our results in the horizontal
geometry, in zg~eement with our previous experiments in the vertical geometry, indicate a
0.2% M6ssbauer cffect at 4.9 K.

Introduction

Since narrow linewidths are a prerequisite for the operation of possible gamma-ray
lasers, it is of interest to know how narrow the linewidth of a recoillessly emitted or
absorbed gamma ray can actually be. There is a practical limit set by inhomogeneities
that exist in real single crystals. The first-excited nuclear level of 109Ag has a half-
life of 40 sec and a corresponding natural linewidth of approximately 10-17 eV. This is
obviously a difficult case for the observation of the M6ssbauer effect considering the
size of the often quotedi lower limit for inhomogeneous line-broadening effects in real
crystals of 10 -1 3 eV. Therefore, a successful observation of the M6ssbauer effect in
10 Ag will provide valuable information on the practical limit of ultra-narrow lines and
the size of the related line-broadening fields in real crystals.

Other researchers 2 -
4 have produced evidence for such an effect, but to substantiate

this, more detailed corroborating results are needed. Wildner and Gonser4 used the
temperature dependence of the self-absorption of gamma rays in a 1°9Cd-doped silver single
crystal to detect the occurrence of the M6ssbauer effect. Following their pioneering
method, we have, in addition, monitored the self-absorption of the °9Cd x rays to account
for count-rate changes due to solid angle effects. In our method we obtain the ratio of
x-ray to gamma-ray counts as a function of temperature. The primary advantages of using
the ratio are that the time dependence due to the source decay, and the solid angle
effects, to first order , cancel out.

The results of our experiments in the vertical geometry have previously been
reported . In continuation of our efforts to carry out a comprehensive study of the
effect, here we report the results of our recent experiments in the horizontal geometry.
These new results, in agreement with our previous results, indicate the occurrence of the
M6ssbauer effect.

Experimental Results and Analysis

The details of our experimental procedure to observe the M6ssbauer effect have
already been reported5 . We observe the number of 88-keV gamma rays and 22-keV K. x rays
from a 109Cd-doped silver single crystal using a solid-state germanium detector. The
count rates as a function of time are recorded at different temperatures. In our previou
experiments5

-
1 which were done in the vertical geometry, the detected photons fell along

the gravitational field. For this experiment, in the horizontal geometry, the detected
photons travel a path roughly perpendicular to the gravitational field. Figure 1 shows a

*The research described in this article was supported by IST/SDIO and directed by NRL.
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schematic representation of the sample holder, sample, and detector assembly. Wc have
measured the count rates as a function of time for the gamma rays and the x-rays at four
temperatures: 295 K, 190 K, 78 K, and 4.9 K. The results are shown in Fig. 2. These
data were recorded over a five-week period with a 22-hour counting time for each run. As
the temperature is lowcred the count rate for the gamma rays decreases. From room
temperature to the liquid nitrogen Lemperature, the drop in the counting rate is due to
the increase in the electronic absorption and solid angle effects. Remember that the
solid angle subtended by the detector at the sample is temperature dependent. For
temperatures below 78 K the recoilless fraction of 109Ag in silver becomes significant and
a further count rate drop due to possible occurrence of the Mssbauer effect is
anticipated. Assuming that the distribution of the source nuclei, as a function of
distance into the sample, follows a gaussian shape, the intensity of the gamma radiation
reaching the detector from the sample can be obtained from the following equation

7:

xor[ I 0A lx24 xr -p.tN
I, = C,CoAe J G(x~e dx[ (1-f) + fe (1)

0

where: C, is a constant, C, is the source density per unit length, A is the source decay
constant, xo, is the sample thickness, and u is the source distribution parameter.
The electronic absorption is governed by p.1 and the possible occurrence of nuclear
resonance absorption by pi; x, is the effective Mdssbauer thickness parameter; f is the
recoilles fraction. G is the solid angle geometrical factor which is a function of both
Z.(T) and d which are shown in Fig. 1. There is a similar expression7 , Eq. (2), which
expresses Lhe result for the 22-keV, x-ray radiation. In this case there is, of course,
no contribution due to nuclear resonance absorption.

XO
_-K x ° -At F -ox 2 + x

IK.= CKCoAe J G(x)e dx (2)

0

where CK, is a constant. Since C., p. , [ , ip, f, x., and G(x) are all temperature
dependent, both 1, and IK. are functions of time, t, and temperature.

We use Eqs. (I) and (2) to analyze our data. Wildner and Gonser4 analyzed their data
qualitatively by comparing the size of the count-rate drop when the temperature was
lowered from 78 K to 4.2 K with the count-rate drop when the temperature was decreased
from room temperature to 78 K. It is important to note that the temperature dependence of
the solid angle can play a major role in these count-rate changes. Our data for the count
rates of the x rays in Fig. 2 clearly show this. As is seen, the count rates at 4.9 K are
higher than the count rates at 78 K, which is contrary to one's expectations. This
behavior is explained by referring to the schematic of the experimental configuration in
Fig. 1. Our sample at room temperature was misaligned with the detector and its center
was below the center of the detector. As the temperature was lowered, the sample holder
contracted and the sampie moved up, giving rise to an increase in the solid angle. The
change in the solid angle is largest when the temperature is lowered from 78 K to 4.9 K.
This is due to further contractions of the liquid helium container.

These solid-angle effects must either be eliminated by experimental means or taken
into consideration in the analysis of the data. Our x-ray data make it possible to
determine these solid-angle effects. We fit our gamma-ray and x-ray data to Eqs. (1) and
(2) by using a nonlinear, least-squares fitting routine. The solid lines in Fig. 2 are
the results of this fitting procedure. A useful method to analyze the data is to obtain
the ratio of x-ray to gamma-ray counts as a function of temperature. We obtain these
ratio data from our count rate data in Fig. 2 using a least-squares analysis. The results
are shown in Fig. 3. In this case the time dependence of the count rateL cancel out, and
since the solid-angle geometric factors are the same for both the x-ray and gamma-ray
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data, the solid angle effects also cancel to first order. In fitting the ratio data
,i.e., the ratio of Eq. (2) to Eq. (1). we find a value of 4.5 x 10

4 cm for the effective
M6ssbauer thickness parameter X N , and a value of 1200 cm 2 for the source distribution
parameter cY. In Fig. 3 we have also shown our results for the ratio of x-ray to gamma-ray
counts in the verticdl geometry. The value of the effective M6ssbauer thickness parameter
obtained from these data is 4.8 x 10- cm.

Conclusions and Future Work

Our results in the horizontal geometry indicate the occurrence of the Mbssbauer
effect in the first-excited nuclear level of 10 9 Ag. The size of the effect is 0.2% at 4.9
K. Comparing this with the size of the effect previously observed I in the vertical
geometry which is also 0.2%, we see no effect due to the influence of the gravitational
field within the limits of our experimental error. Further experiments are in progress.
Particularly, we are investigating 'he possibility of minimizing the sources of
inhomogeneities in our samples by using higher purity silver single crystals and various
types of heat treatment. A more physical model is being developed to interpret the
measured M6ssbauer effect in terms of line broadening and inhomogeneous fields effects.
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Fig. 1. A schematic representation of the experimental configuration in the horizontal
geometry. Notice that the solid angle subtended by the detector is temperature dependent
due to the contraction of the materials as the temperature is lowered. Particularly, note
that the sample moves up as the temperature is lowered. The values of the parameters are
as follows:

x,(295) - 5.21 x 10-2 cm, Zo(295) = 6.45 cm, a = 0.50 cm, and b =0.48 cm.
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Fig. 2. The top half of the figure shows our experimental data for the counting rate of

the 88-keV gamma rays as a function of time at four temperatures. The drop in the
counting rate at lower temperatures is due to thermal contractions, geometrical solid
angle effects, and possibly the Mossbauer effect. The solid lines are obtained by a least-
squares fitting procedure in which the known decay constant for '0'Cd is used. The two
arrows on the side of the figure show the count-rate drop that we have determined to be
associated with the occurrence of the Mossbauer effect at 4.9 K. The lower half of the
figure shows similar data for the 22-keV x rays that were used to determine the solid
angle effects.
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Fig. 3. The top half of the figure shows our experimental results for the ratio of 22-keV
x-ray to 88-keV gamma-ray counts at four temperatures; namely 295 K, 190 K, 78 K, and
4.9 K for the horizontal geometry. In the lower half of the figure, similar data at three
temperatures: 2% K. 78 K, and 4.8 K for the vertical geometry are shown. The two solid
curves show the results of our theoretical analys-*s. The lower curve in each figure is
obtained by putting the Mbssbauer effect equal to zero. The higher one includes the
presence of the M6ssbauer effect.

57
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Joseph F. Figueira
Cmic,d and Laser Sciences Division

Los Alamos National Laboratory
MS E548

Los Alamos, New Mexico 87545

ABSTRACI"

Short-pulse, high-intensity exciner lasers are being developed for a variety of atonic physics and inertial confinement
fusion applications. In this paper, we will discuss the status of KrF laser technology and its application to ICF. Current
progress worldwide will be described with emphasis on the Los Alamos program.

Introduction

The Los Alamos National Laboratory has been actively engaged in the development of high-power gas lasers for inertial confinement
fusion applications for tweaty years beginning with the highly efficient long wavelength C02 laser. Based on results from the target
experimental programs in the early 1980s, a national shift in the required laser wavelength occurred, and the Los Alamos ir laser program
was temlinated in favor of tie short wavelength KrF gas laser.

The KrF laser is relatively new to the ICF community; it was demonstrated in 1975 (Brau and Ewing 1975), followed immediately by
other confirmations of spectroscopy and lasing (Brau 1975; Ewing and Brau 1975; Ault et al. 1975; Mangano and Jacob 1975; Searles
and llart 1975; and Tisone et al. 1975). The development of high peak power KrF laser technology for Inertial Confinement Fusion
(ICF) applications is actively in progress throughout the world with major facilities underway in Japan, Canada, England, the USSR,
and the US. Because of the newness of the technology, most of these efforts are a strong mixture of facility engineering, advanced
technology research and development, and advanced conceptual design studies. The Los Alamos National Laboratory KrF laser
development program is probably the largest effort in the world. It addresses both near-tern integrated laser demonstrations and longer-
term advanced design concepts and technology advancements required for larger fusion laser systems. We will review the basic features
of tie K!tF lasers, describe the status of the worldwide KrF technology program, provide an overview of the Los Alamos laser
de-,'elopnent program, describe current progress on tie near-term technical activities, and discuss the future directions of the Los Alamos
KrF laser development prograin.

Basic Features of the KrF Laser

KrF lasers operate by electrically pumping high-pressure gas mixtures of krypton (Kr), fluorine (F 2), and a ballast gas such as argon
(Ar) with self-sustained electrical discharges or with high-energy electron-beams. The electrical excitation initiates a complex chain of
reactions that results in the production of the krypton fluoride (KrF*) molecule and various absorbers. The KrF* molecule can then lase
to the unbound lower level, emitting a photon at 248 nm. The upper state lifetime is very fast in the excited KrF molecule, and storage
times are limited to approximately 5 ns by quenching and spontaneous emission. KrF is the second most efficient member of a class of
excimer lasers that also include the well-studied XeCi (lasing at 308 nm), XeF (lasing at 351 nm), and ArF (lasing at 193 nm), which
is the most efficient.

A unique combination of features appears to make the KrF laser well suited as a driver for inertial confinement fusion drivers. These
features are sumntarized below.
* The laser directly operates at 248 nm, optimizing the ICF target efficiency without added wavelength conversion complexity.
* Unlike other ICF lasers, the KrF laser is basically not a storage laser; it prefers to operate in the continuous energy extraction mod

Because of this feature, loaded KrF amplifiers tend to be very linear with little temporal pulse shape distortion. This allows for very
robust pulse-shaping capability that may prove absolutely essential for efficient target performance.

* Electron-beam pumped KrF lasers are scalable to large energies in a single module. This feature has been clearly demonstrated by
amplifier architectures now under development. The Aurora large aperture module has already demonstrated 10 Id extracted from a
2(WX 1 volume, and advanced Los Alamos designs will explore amplifiers in tile 50-Id to 250-kJ region.

" The laser operates with a broad lasing bandwidth in excess of 200 cm-t that allows the use of spatial and temporal smoothing
techniques for both direct and indirect target drive applications.

" Although all of the current ICF related KrF laser technology development programs are emphasizing single-shot facilities, the basic
design features of the KrF gas laser will pennit extensions to repetitively pulsed devices in the future, if commercial energy
applications are pursued.

" The laser medium is a mion-damaging gas, eliminating the need for extensive protection systems to insure the survivability of the laser
medium. This feature also allows KrF to readily adapt to multiple-pulse operation for commercial applications.
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Worldwide Prozress

Since their invention in 1975 by Brau and Ewing, excimer lasers have been the subject of steady and increasing interest. Major
progress has been made in the commercial development of high average power devices, with I -kW devices being actively developed on
several continnts through individual companies or industrial consortia. More recent interest has centered on the development of high
peak power devices as potential replacements for harmonically convened glass lasers in inertial confinement fusion and extremely high
intensity atomic physics applications. Active research and technology programs are in progress in the United States and competitive
programs are being pursued in Japan, Canada, Germany, the United Kingdom, and the Soviet Union. These programs have led to a
series of first-generation, integrated laser-target systems that are in design, construction, or testing. Table I shows a current compilation
of these laser systems. The Lawrence Livermore National Laboratory (LLNL) RAPIER system was operated briefly in the early 1980s
and then decommissioned. The SPRITE laser, built at the Rutherford-Appelton Laboratories in the United Kingdom, was the first truly
high-power KrF facility in operation. The UK government is considering an upgrade of this facility to the 3-kJ level and designs are
currently in progress for a 100-kJ Euro-laser option based on KrF. The Naval Research Laboratory (NRL) is the other Department of
Energy (DOE) US participant in the KrF laser development program. NRL has started construction of the NIKE laser that will produce
2 to 4 k. The University of Alberta at Edmonton is proposing to build a I-kJ facility, utilizing some of the components from the
LLNL RAPIER laser that have been provided by the DOE through a joint US/Canada protocol. Several Japanese universities are actively
involved in the pursuit of KrF lasers; the major operating facility in operation is the ASttURA laser at the Electro-Technical Laboratory
of the University of Tokyo. In addition, the Kurchatov Institute of the USSR is constructing a kJ-class KrF facility in collaboration with
Evremov Electro-Technical Institute and is pursuing conceptual designs for a 10-Ud class device. All of these facilities are based on
electron-beam pumped KrF laser technology; they employ several different optical architectures and different design philosophies. This
broad array of activities will continue to enrich the technology available to KrF lasers and to improve the performance and reduce the cost
of many system components.

TABLE 1. KrF Laser Technology Is Being Pursued Internationally for ICF Applications

Laser System Status Energy Power

Rapier 1982 800J 1 x 1010W
(LLNL)

SPRITE 1983 200J 3 x 109W
(Rutherford)

Euro-Laser -1996 lOOkJ variable
(Rutherford)

AURORA 1985 1OkJ 2 x 101OW

(Los Alamos) 1988 lkJ 2 x 1011W
1989 4kJ 1012W

Nike 1989 10J

(NRL) -1993 2kJ

Rapier B 1988 IOOJ

(U of Alberta) (proposed) lkJ

Ashura 1988 500J 5 x 109W
(Electro-Technical
Lab, Japan) (future) lkJ 2 x 1011W
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Overview of KrF Laser Development lPrugran

In the preceding we have discussed both the potential advantages of KrF lasers and the international effort now underway in KrF laser
technology. The potential advantages of the laser are well recognized, but they must be demonstrated at current scale size in integrated
laser-target systems. More importantly, these advantages must be shown to scale economically to the I(X)-kJ to 10-MJ sizes required for
future progress in the ICF program. The Los Alamos laser development program is composed of three major elements that are intended
both to aggressively address near-term feasibility of Lhe KrF laser concept and to show the way to the cost and performance
improvements required for future laser facilities.
" The Aurora Laser Facility is a I-TW KrF laser designed as an integrated performance demonstration of a target-qualified excimer laser

system.
" An advanced design effort evaluates the concepts that offer the improved perfonnance and lower cost that will be essential tor the

construction of future lasers in the 0. 1- to 10-MJ class.
• A laser technology progran addresses both performance and cost issues that will be important in advanced laser system designs.

Each of these programs is briefly described below.

The near-term goal for Los Alamos is the successful integration and operation of the of the Aurora Laser Facility at the multi-kilojoule
level with powers approaching I TW. Aurora is a short-pulse, high-power, krypton-fluoride laser system. It serves as an end-to-end
technology demonstration prototype for large-scale excimer laser systems of interest to short wavelength ICF investigations. The system
employs optical angular multiplexing and serial amplification by electron-beam driven KrF laser amplifiers to deliver multi-kilojoule laser
pulses of 248 nm and 5-ns duration to ICF relevant targets. The design goal for the complete system is 5 U in 48 laser beams. Figure
I shows a conceptual schematic diagram of an angularly multiplexed laser system showing a single front end pulse being split into three
replicas, delayed, angularly encoded and then feed to a power amplifier for efficient, quasi-cw energy extraction. Figure 2 shows the
floor plan of the Aurora Facility with the laser bay to the right, target chamber to the left and the optical beam transport system in the long
tunnel connecting the two subsystems.

Substantial progress has been made on the facility in the last several years including the following highlights:
" Demonstration of 96-beam multiplexing and amplified energy extraction, as evidenced by the integrated operation of the front end, the

multiplexer (12-fold and 8-fold encoders), the optical relay train, and three electron-beam driven amplifiers;
• Assembly and installation of the demultiplexer optical hardware, which consists of over 300 optical components ranging in size from

several centimeters square to over a meter square;
" Completion of pulsed-power and electron-beam pumping upgrades on the LAM (Large Aperture Module), PA 1Pre-Amplifier), and

Small Aperture Module (SAM). The SAM shows a 40% increase in deposited electron beam energy, and the PA deposited energy has
been increased by a factor of two; and

" Integration of the entire laser system; the extraction of 4 Id from the laser in 96 beams; and the delivery of 1.3-kJ to the target chamber
in 36 beams with intensities in excess of 100 TV/cm 2 in pulse durations adjustable between 3 and 7 ns.

Advanced Laser System Design

In the longer tern, the national ICF program will continue to plan for the construction and operation of the next generation driver for
ICF physics experiments. To determine the applicability of KrF laser technology to future generations of fusion drivers, Los Alamos has
begun a design effort to explore systems in the l(X)kJ to IOMJ range. This Advanced KrF Laser Design effort provides information to
the KrF program on the design and cast of future KrF laser-fusion systems and provides directions and goals to the KrF technology
development effort. Because no current ICF driver has demonstrated both the required cost and the performance scaling, and because
uncertainties exist in laser-matter interactions and target physics, Los Alamos is currently pursuing a range of advanced KrF laser design
activities: work is currently in progress to scope a 10-MIJ Laboratory Microfusion Facility (LMF), a 750-k LMF Prototype Beam Line,
a 250-kJ Amplifier Module (AM), and a 100-kJ Laser Targc, Test Facility.

The purpose of the Departnent of Energy sponsored scoping study for a Laboratory Microfusion Facility is to examine a facility with a
capability of producing a target yield of IOX) MJ in a single-pulse mode. An example of a KrF design for atn LMF beam line that
requires only minor extrapolations in pulsed-power technc agy is shown in Fig. 3. This system uses angularly multiplexed amplifier
modules 1.3 x 3.9 x 3.8 ml, each of , hich prOduces 25(0 J of 248-nn radiation. These units are then arranged in a tri-fold cluster, to
form an LMIF beant line that produces 750 k. 'I hese beam lines can then be arranged to produce the total required energy ranging from
750 U to 10 MJ.
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RrF Technolog~y

The current costs of all laser drivers are unacceptable for an LMF scale system. To reduce these costs to an acceptable level, advancedtechnology programs are being designed to address the major cost drivers identified by the LMF studies. Optics and pulse poweraccount for 60% of the total cost for the Aurora design; this produces an unacceptably high laser system cost when scaled to largerfacilities. Advanced design concepts have identified technology areas that can be improved to reduce the overall system costs. Theoptics and pulse power costs have been reduced to 19% of the total system cost, and the total subsystem cost is reduced by a factor of 5.
The KrF laser technology development program addresses performance improvements and cost reductions for the LMF designs in theareas of optics, pulse power, and laser performance, as well as those technical issues effecting system reliability and modeling accuracy.
These improvements include increases in the optical damage fluences for uv radiation from the current value of 12 i/cm 2 to 20 i/cm2 (20-ns pulses @ 248 nm); increases in power amplifier size from the current 10-0 modules used in Aurora to units in the 50- to 250-kJclass; and electron beam punping densities in the 125 to 175 3/1 range with intrinsic efficiencies in excess of 10%. These technology andcost reduction programs will utilize a mixture of industrial, university, and government laboratory involvement and could lead to the
required subscale technology demonstrations in the next three- to five-year period.

Conclusion
Iligh-energy, high-peak power KrF lasers represent a promising new technology for inertial confinement fusion applications. Toevaluate this technology, Los Alamos is conducting a series of integrated system demonstrations with the Aurora Laser Fusion facility.Future ICF applications of the KrF laser are being evaluated by a coordinated program of advanced designs and technology development.If these evaluations are successful, KrF lasers will provide the national ICF program with an attractive future driver candidate for the

Laboratory Microfusion Facility in the late 1990s.

Short (5 ns) pulse
front end Decoder

(Demultiplexer)Long (500 ns) pulse[] / "amplifier
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Fig. 1. Angular optical multiplexing allows for efficient energy extraction of
long pulse amplifiers. A single 5-ns pulse is split and delayed and
feed through the 500-ns amplifier. After amplification the angle
encoded time channels are recombined in synchronism at the target.
In the schematic shown, this technique allows a power multiplication
of x 1(X) when 10 optical channels are used.
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Aurora Facility

Fi,-. 2. Schjenmatic of the three major Auirora SUbsystems: target chamber, beam transport and decoder,

and power amiplifiers and front end (left to ight).

Anmphbeir EBudng

Final Amplifiers Feed and Recollinmalion
(250 UJ each) Array

Hg. 3. LMEF beami line showing a tri-fold array of 250-W modules.
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Abstract

C)au~ oI the, g re(at p rom-i is e o f usinag excimer lasers for rmcdI.ca-l aplicatio.s,
reaearc: Iraa p wa- 7R "s sta r td in 19 8 6, supported by th e I t a'ia n National Research Council
(CNR) Th. L ob t o e< the pnr 0 be ct is to develop rol.bl< mdica 1 las2r svs teas de~voted

to to- clinic U alication of laser angioplasty techniques.
n t* pr~eliminar phso, using a standard short pjulse uxcimer lase-r, loroul2M.s related

t o, r 7oup 1ing into opt ical1 fibers were addressed. These- ones concerned the

cllli n -tia' or which t acL~ of fibers r',-e olatimum and which optical catheter configorations
arc the -.est arpr

Ir itr abla1 tion experiflnCnts on human aorta samples showed that a multifiber catheter

0qMU LI t' ",e U M St practical solution to obtain large emittina areas able to produce
m-il rlon -hil: as of 2. aimm i n diameter. This size has been considered the lower limit

for -aisifaco-'ornrar neo-lumina.
At trst the rutsearch program was limited to intraeperative laser angioplasty in

coronary ,Ve.,s sl. The rirst clinical coronary recanalization was successfully performed in
Jue 18 using a properly designed surgery room excimer laser system.

Introduction

FolIlowing the early works of Srinivasan en excimer laser etching of organic compqounds4
.10 inl 1Aqcjr and Grundfest proposed in 1985 the use of excimer lasers for the

anrqlupiaisty techniqjueS. in effects the peculiar ablation process was extremely promising
alfo in1 this biomedical field, overcoming the thermal problems showed in the attempts to

us- ethter types of lasers 3 . Furthermore high power transmission through optical fiber was

pre':iousiv.1 demonstrated at the IEQ-CNR4 . With these premises it was possible since 1986 to
start in Italc ' a research program devoted to develop a clinical excimer laser angioplasty

to ,cnn ice e. The progira-m was part of the finalized Project TBMS (BioMedical and Sanitary

T cta iqjuc') of the CNR. Later it has also received valuable contributions from CESVIT
JOrqar i. ation for the~ adv1~anced technology of the Florence Province) and from private

indust ries
Ihe aim of the program was bound to several targets:

I) to deu'iso las-er angioplasty method which has to be simple and repeatable because the

ipathaoogy is chronic and evolutive,
2to do Fiq ir excimer laser system in all the most important components, namely the laser

t1with the most proper characteristics, and a class of optical catheters suitably

d3 0 o 0 ',-d toame many different angioplasty demands,
-1 n- 1;, I icct ionl o-f the sy/stem to valIi da te the technique and to poibit out and

a.r, I I IJr~ l the dif~ferent tpsof problems tightly related to i-he surgeon

I I i~A riencu.

1 ) t I 0 cl masonIS t hei proq ram ha s heen organized in three phases which have been
p star'ed in- so pence,' but then can proceed together in a mutual coordination

Ln ra ' 0 n .O The.1 ic :1) Pro-clI inic expe rimentat ion , 2) SurgicalI excinior laser Sys tm.

d-2 - d orutn,3) Clinical eXperiences.

63



Pre-clinic experimentation

In this phase, carried out mostly at the IEQ-CNR, we have included all the activities

related to the preliminary investigations on fiber coupling of high power excimer laser
radiation, ablation tests on biological samples and hystological evaluation of the obtained

channels.
As previously mentioned an accurate knowledge of the peculiar fiber coupling

limitations was available 4 . These experiments were carried out using a standard short pulse
(25 ns) laser. It was clear that with such a short duration the fiber damage threshold was

dangerously near to the operating energy density required for the plaque ablation;
nevertheless experiments devoted to the basic catheters features csuld start, delaying the

reliability achievement to a future work on the laser pulse duration.

So in the experiments it was used an excimer laser of our own design available at the

moment in which the pulse shape was sligthly smoothed to 30-40 ns and the output energy was
in the order of 100 mJ. Pertinent biological samples were provided by the "Istituto di

Anatomia Patologica" of the Padua University which could also take care of the histological

evaluation. The samples consisted of human aorta samples, human hearts quickly carried at

the IEQ-CNR in Florence after transplants performed at the "Istituto di Chirurgia

Cardiovascolare" in Padua, and some autoptic hearts too.
The investigation on a selected choice of commercially available fibers made clear

soon that, with a propagating energy density only a factor 3 to 5 lower than the damage
limit, almost every reshaping of the fiber end could produce internal focussing with a
consequent damage. So the only practical finishing of the fiber output face is a bare flat
one. This fact is important in the sense connected to the width of the ablated channel. In

facts for the catheter progression two independent conditions have to be fulfilled: 1)
energy density at the irradiation site larger than the ablation threshold, 2) ablation

channel diameter larger than the overall catheter size. The second one can be called a
5progression condition . To be achieved with multifiber catheters it can require some

attention. These effects are shown in figs.la and lb for the case of a catheter composed of

3x600 .m. In fig. la the irradiation was performed almost in contact with a sample of
aorta, while in fig. lb a gap allowed the single lobes expansion to overimpose their

contribution in order to avoid the formation of flaps which could slower or stop the

catheter progression. This observation does not take in consideration the averaging effect
provided by the natural wandering of the catheter tip, but suggests to optimize the
geometry of multifiber catheters in maximizing the overall emitting area in respect to the

total one.

Another important validation was related to the overall flexibility of the catheter.
During this phase it was possible to test in quite fresh human hearts, explanted a few

hours before, how well relatively long tracts of coronary arteries could be passed through

by different catheters geometries. The approximation of the experimental conditions was
considered close enough to an intraoperative situation, and relying on the natural
elasticity it was possible to pass through the anterior descendant almost down to the heart
apex also with the previously described 3x600 pm. Long tracts of the right and left

descendant were also recanalized.
These results confirmed the possibility of performing recanalization diameters of 2 mm

at least in the pseudo-straight tracts of the coronary vessels.

Surgical excimer laser system

The first phase made possible to clarify the design parameters of a prototype

consisting of a laser, a fiber coupler and a set of catheters, suitable for starting a

clinical validation. The system is shown in fig.2. It has been constructed by EL.EN. of
Florence in cooperation with the IEQ-CNR. Main design criteria are the following:

1) demonstrated e.m. noise compatibility in the surgery room environment (pace-maker,

monitors could be severely affected by high power discharges unless double shielding is
not provided)

2) no connection is needed except the power cord (a closed loop stabilizes the gas
temperature, avoiding the need of tap water connections)

3) ai the gas handling components are included in the cabinet, and the eventual refill

can be accomplished automatically with one push button operation,
4) ready in five minutes, unless the refill is needed,
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5) from ready the laser operates only by pedal switch controlled by the surgeon,

6) no catheter alignment is needed (it would require trained personnel and is time

spending, passive stabilization of the alignment ensures the operating conditions)
7) fast catheters interchange (due to point 6 a change is accomplished in seconds without

loosing alignment)
The laser emission specifications are listed in Table 1. The choice of the XeCl

wavelength is due to several indipendent features:

1) 308 nm represents the best compromise between 351 nm and 249 nm in terms of fiber

transmission reasonably high (90% out of 2 m fiber length) and ablation threshold
reasonably low (1-1.5 J/cm for lipid rich plaque); KrF has, in facts, higher losses,

and XeF has a 3 times higher ablation threshold,

2) XeCI operates with Cl donors and requires simpler technological solutions to achieve
long refill lifetime,

3) Chlorine has a lower electron attachment than flunrinp and providps less source of

discharge instabilities which ultimately can limit the pulse duration; this feature is
very important in order to relax the fiber damage hazard propagating the required pulse
energy in a long pulse with a low peak power. Stabilization of the discharge over
hundreds of nanoseconds would be rather difficult with a fluorinated excimer, while

several electrical schemes are available for XeCl6 '7 '8 . Pulse lengths up to 1 os have9
been reported by Taylor . In our design the pulse width has been inductively stretched

according to the scheme proposed by Sugii10 . Fig.3 shows the pulse shape in which no

spike is present relatively satisfying the desired "top hat" energy distribution.
Further pulse lengthening is anyway in program.

Clinical experiences

The performance of the surgical system has been evaluated again in the following

preliminary tests :
a) recanalizations in vitro of coronary arteries in human explanted hearts,

b) recanalizations in vitro of segments of human femoral arteries,

c) recanalizations in vivo of rabbit femoral arteries in which post-traumatic stenoses
were previously induced.

These tests confirmed the recanalization possibilities of the system and a limited
tissue reaction, as observed in vivo.

The clinical activity began in May 1989 at the "Istituto di Chirurgia Cardiovascolare"
in Padua with the selection of a group of coronaropathic patients. For them it was supposed
to associate at the standard A.C. by-pass procedure a laser angioplasty technique to the
purpose of:

1) to reduce the number of by-passes

2) to improve their distal flux in order to locate as proximal as possible the distal
anastomosis and to obtain a better overall vascularization.

In the period June-December a total number of 5 patients have been treated. For all
cases the introductory site of the catheter was the distal anastomosis of the by-pass. Then

the catheter was advanced up to the obstruction 5ite and the laser was turned on (usually

in a pulse burst of 10 to 30 sec, at 3 J/cm and 30 to 50 Hz rep. rate). During the
irradiation the catheter was gently pushed until a complete recanalization was

accomplished. After this angioplasty the by-pass was applied.
With this method 7 stenoses have been treated (4 anterior descendant, 1 rigth, 1

circumflex, I diagonal). Coronarographic control at 7 days has shown a good result in 2
cases (fig. 4a and 4b show a rigth coronary before and after the laser treatment,

demonstrating a significant improvement of the neolumen diameter), 2 dissections and 3
thrombotic occlusions

Since September 1989 a clinical activity has been started in Florence at the "Sezione
Laser Angioplastica, USLI0/D", for a validation in the peripheral districts. Up to December

8 patients have been treated by means of a percutaneous femoral technique with 12 positive
results (fi. 5 show a femoral segment previously completely occluded with the neolumen
obtained only by laser treatment) 1 popliteal perforation, 1 III distal perforation and 1

untreatale patient.
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Conclusions

Despite organization difficulties which have hindered for a long time the desired
advancement of the program, now it is developed in all the planned phases. Improvements are

expected from the device performance in terms of a higher energy density available at the

fiber end, and also to provide a homogeneous pumping of larger size catheters (>3 mm2) . A

complete set of high flexibility catheters is also beeing prepared, for a full coverage of
the required recanalization diameters. Diagnostic aid is definitely needed. In the

intr;aoperatory approach ultrasonic imaging is on schedule soon, while in the percutaneous

one auto-fluorescence spectroscopy could be the closest technique to be effectively

included in the angioplasty system everyday operation.
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Tabl 1
Sur ical excimer laser emission specifications.

Excimer XeCl

Pulse Energy 100 mJ
Pulse Width 70 ns FWHM
Repetition Rate 10-100 Hz

Attenuations levels 75%, 50%, 25%
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DAMPING OF ACOUSTIC WAVES IN A 1 kHz REPETITION RATE XeCI LASER.
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Institut de Mecanique des Fluides, Aix-Marseille University, UM 34 CNRS, Marseille 13003, France.

ABSTRACT

To increase the pulse repetition frequency, the average power, and the beam quality of excimer laser systems, damping of the
strong acoustic waves induced by the active medium excitation must be solve. In order to achieve this goal different electrodes and
acoustic damping configuration have been studied.

Excitation of active medium (energy deposition : 50 to 150 J/1) at high repetition rate (up to 1000 Hz) in a subsonic loop (flow
velocity : up to 65 m/s) is achieved by means of a classical discharge, through transfers capacitors. The discharge is preionized by X-
Ray generated by a wire ion plasma gun.

Prevuuz iuu uii ,t.,uuslic wave propagation done at I.M.F.M.(0) have shown that transvuisal acoustic waves and Zmaii
changes in channel geometry and electric field distribution play a leading role on the power deposition and the stability of the
discharge at high repetition rate frequency. Here we will present and discuss use of different kinds of electrodes (solid, screen, nickel
felt) and transversal acoustic dampers on stability of discharge and on pulse to pulse output energy.

The effect of the acoustic waves on the pulse to pulse output energy evolution has been separated from the thermic effect.

1. INTRODUCTION

The output laser characteristics (pulse energy, pulse duration, beam profile) of gas discharge lasers are very sensitive to
discharge stability and discharge quality. The non uniform energy deposition generates waves and density pertur ations. Especially,
due to the short wavelength of an ultraviolet laser, the density fluctuations level has to be very low (dr/r < 10- ) to obtain stable
discharges in electronegative excimer active medium mixtures.

Two main problems have to be solved to achieve a high average output power at high repetition rates : a) the heated gas has
to be swept out of the laser cavity between two successive excitations (1 ms at 1 kHz PRF), b) the density fluctuations induced by
shock waves inside the laser cavity have to be damped in the same time scale.

In the frame of the European progran. on Research and Development EUREKA, a multinational program called "Eurolaser-
Excimer" has been started in Europe in 1986 in order to develop an industrial excimer laser of 1 to 3 KW average power. The planned
basic technology is as follow : XeCI laser transition N 308 nm, fast flow closed loop, X-ray preionization, discharge excitation,
500 - 1000 Hz PRF, 1 to 5 joules per pulse.

A program to investigate extensively the XeCI laser system (308 nm) for conditions of relatively long pulse (50 to 100 ns), high
PRF (I KHz) and high average power (100 to 500 watts) has been und VJfpn at I.M.F.M. A laser test-bed called LUX for Laser
Ultraviolet priionisi par rayons X', already described in previous papers V', has been developed. It permits to achieve an average
power of 200 watts in a 250 shot burst. The laser head has been recently upgraded to allow the studies of wave behavior and wave
damping.
Experimental results of use of different kinds of electrodes (solid, screen, nickel felt) and transversal acoustic dampers on stability of
discharge and on pulse to pulse output energy are rnresented and discussed.

2. EXPERIMENT

The LUX test-bed is mainly composed by a fast flow subsonic closed wind tunnel and a high average power electrical excitation
system. Gas mixture is Ne/Xe/HCI 5300/50/10 flowing up to 80 m/s in the laser discharge head (2.5 x 30 cm2 cross section). The
maximum working pressure is 2.5 atmospheres. The electrical excitation system consists essentially of a X-ray preionizer and a main
discharge circuit.

A new laser head, whose total volume has been strongly increreased to manage the possibility to set acoustic dampers in the
immediate vicinity of excitation zone, has been built (figure 1). This increase of total volume does not facilitate the electrical circuit
optimization and limits the power density injected in active volume. Such a design will allows however a more precise analysis of
acoustic dampers. The design chosen for the discharge geometry use a shaped solid cathode and a plain flat plate or grid as anode. It
will be possible to put in this backing volume absorbing materials or wave deflectors.

Specific diagnostics allow to study quantitatively key parameters of LUX. They have been described elsewhere (4). Lux test bed
allows pressure time history recordings at different locations of flow channel. The results given hereafter have been achieved with fast
pressure transducers (PCB 112A22) whose rise time is equal to 2us and cut off frequency equal to 140 kHz .Two locations have been
used (figure 1).
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Transducer at 10 cm upstream
of the discharge axis.

Transducer at a mirror
position,

Fig. 1. Shema'c view of the laser bead and transducer locations.

3. RESULTS AND DISCUSSION.

3.1. Shock wave characterization:

Interferometric study of the flow field have been undertaken with a classical Michelson streak interferometer. The optical source
is a cw argon ion laser associated to an electro-mechanical shutter. The fringe pattern is recorded by means of a drum camera which
permits to follow fringe shift as a function of time during 4 ms with a resolution on the film of 5.4 )s/mm. The observation zone is
defined by a slit optically conjugated with the film and the laser head.

The results presented hereafter have been obtained with an horizontal or vertical slit. The analysis of interferograms leads to the
evolution of flow density as a function of time along X or Y axis. The vertical slit use permits a much more precise study of the
transversal waves propagatin ' etween the electrodes. The influence of these waves on laser characteristics have been already
underlined in a previous paper.

The interferogram of Fig. 2 shows up the fringe pattern recorded with a horizontal slit with two shots at 1 kHz PRF. It permits to
follow the evolution of density fluctuations over the total width of the laser cavity for a time greater than 1.3 ms. The fringe pattern
before the time of electrical excitation may be considered as a tare. In this interferogram two sets of induced shock waves flowing
upstream and downstream are clearly visible. The columns of heated gas, swept out of excitation zone by the flow, are also visible as
well as the effects of thermal diffusion between heated slugs and cold gas. The reflection of induced shock waves by the previous
thermal slug is relatively weak. The main disturbances yet visible lms after a shot are due to the propagation of transversal acoustic
waves in a orthogonal direction to the flow and laser beam axis.

Fig. 3 shows a first shot (Y,t) interferogram when the observation zone is located just upstream of the excitation zone (1mm).
The straight fringes at the bottom correspond to the flow density field In the laser head just before the first energy deposition. The first
inge displacement (toward the left) is induced by the density increase due to the arrival of the compression wave in the observation
zone. During a short time (dt = 3 jus), according to classical theory, the density field is relatively stationary before the passage of
expansion waves which lead to a fringe shift toward the right. Following these three classical zones, the fringe shift permits to deduce
the density flow field at the entrance of the laser head ; the reflections of transversal waves by the electrodes are clearly visible. These
waves carry most of density perturbations even 1 ms after the first energy deposit.
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3.2. Shock wave damping;f~ f ,
Here after are presented some experimental results on

iiiL

shock wave damping for different laser head configuratons.
Figure 4 shows a comparison of pressure variation

recordings of two different anode configuraons (a) a thin
(0.5mm) aluminum plain flat foil and (b) a thin (0.5mm)
perforated aluminum flat foil which the transparency is equal to
20 % (hole diamemeter 1 mm). The comparison of first pressure (b)
jumps of traces (a) and (b) underlines the decreasing (b) of initial
shock wave induced by the useful energy deposition. This
decreasing is caused by the expansion of the heated gas in the
backing volume through the perforated anode foil. Unfortunately *oft "Wes"
the ratio of useful energy (first jump) to wasted energy (other
jumps) is lowered when perforated plate is used. The pressure
jump, visible on the waveform (o) about 1ms after the first one,
appears at a time corresponding to the reflection of initial shock
wave by the ends of the backing volume which does not yet
contain absorbing materials. The acoustic energy which has not (1 ms/d ; 0.3 bar/d)
been transported away of discharge zone is so redistributed later
in the laser head. Fig. 4: Comparison of pressure time variations

recorded with: (a) a solid thin aluminum foil as anode
and (b) a thin perforated aluminum foil as anode.
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Figure 5 presents the evolution of residual pressure variations of one shot for (a) a solid cathode with a small radius (r= 16 cm) and (b)
a porous cathode (nickel foam) with the same radius as a function of time and Log(AP/P) as a function of the acoustic transit number
(c.t/h) for the two different configurations (a) and (b). The behavior and the damping of the acoustic waves are similar to those
described In the previous figure. Here, the shape of the electrode for the solid cathode is predominant to push the shock waves out of
the discharge zone , but with the porous cathode and from 0 to about 0.6 ms the acoustic energy is trapped between the two
electrodes beca.se tho porous electrode back face is fi3t and so forms with the fla" anode like a acoustic resonator. The use of a
porous cathode could be an appropriate solution to operate up to a PRF of approximately 500 Hz but the life time of the material
(nickel foam) could be a limitation. The use of a solid cathode with a very small radius is a possible solution to work at high PRF but
has a strong limitation to develop a laser with a laser beam larger than about 5 mm.

(a) (a) solid cathode

7. ,(b) porous cathode

IV , (a) 0

0-

I tns
3 1

(b) 0. 12 Bar/d acoustic transit number (c.t/h)

Figure 5: Evolution of residual pressure variations of one shot for:
- a) a solid cathode with a small radius (r = 16 cm),

- b) a porous cathode with the same radius.

Figure 6 shows a comparison of pressure wave recordings of two different laser head configurations. The first one is without
any acoustic dampers, a flat thin solid aluminum foil as anode and a solid cathode with a radius of 16 cm. The second one is with
acoustic dampers, a flat perforated aluminum foil as anode with acoustic dampers in the back volume and the same cathode as in the
first configuration. The acoustic damper material is nickel foam with a pore diameter of 0.05 mm, a specific surface of 24 000 m2 /m3 ,
and a density of 0.25 g/cm. This material is compatible with the presence of HCL. For each recording the upper trace corresponds to
measurements of a transducer positioned at 10 cm upstream of the discharge axis and flush-mounted in the middle of horizontal
channel wall, and the lower trace to measurements of a transducer at a mirror position 13 cm away o1 the discharge volume end. The
experimental conditions were an electrical energy deposition of 100 J/L.bar, a total pressure of 2.3 bars, a flow speed of 43 m/s, and a
repetition rate of 1000 Hz. The comparison shows a very effective acoustic wave damping and the level of the residual pressure
perturbations at the next energy deposition time (shot n"3) is much lower with acoustic dampers.
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Figure 6 :comparison of residual pressure variations without damper and with dampers.
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In the figure 7 the residual pressure perturbations and laser average power of a 10 shot burst are displayed as a function of the
repetition rate up to 1000 Hz for the same experimental conditions and laser head configurations. The acoustic damper effects on the
laser average power are very beneficial indeed with acoustic dampers the laser average power increases linearly as a function of the
PRF which is not the case without acoustic dampers. Otherwise these diagrams allow the possibility to establish a direct correlation
between the residual pressure perturbation (the pressure amplitude at the energy deposition time) and the laser average power.
Indeed it seams the threshold value ofLP/P residual have to be less than 5% to achieve a stable discharge.

O.1 SG . ie

A *m wp A W11 dip

76 0 *itamON.PS 0 won wo"

_ 0.10.

a:aa. CD
(a

S.6.. 0.0 0.5 1:0

F (KHZ) F (KH-Z)
Figure 7: Residual prssure perturbations and laser average power

as a function of P.R.F.. comparison of 10 shot bursts without
damper and with dampers.

The figures 8 (a) and 8 (c) show a series of 250 laser output pulses at a repetition frequency of 1000 Hz. These figures have
been obtained for the same experimental conditions and the both laser head configurations as those for figures 6 and 7. Without
acoustic damper (fig. 8a) the drop in energy as a function of the pulse number already occurs very strongly for the first shots. With
dampers (fig. 8b), the first 20 shots have approximately the same output power as shown in the figure 7, but after these first shots the
output power approximately decrease linearly like the configuration without acoustic damper (fig. Ba). However a study of the residual
pressure variations with acoustic dampers has shown a same residual perturbation level for the 250 first shots. So the discharge
stability degradation seams to be for these conditions independent of the pressure perturbations and could be attributed to the
increase of the thermal boundary layers and the increase of the thermal fluctuations inside the discharge volume.

without damper with dampers

no 1 250 1 250
Figure 8: Pulse to pu.lse time resolved power histogram at 1000 Hz.

(a) without damper, (b) with dampers.
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3. CONCLUSION

Characterization and damping of acoustic waves in a high repetition rate (up to 1000 Hz) XeCI laser are in progress at I.M.F.M..
The acoustic wave characterization by mean of Michelson interferometer or pressure transducers has allowed to clearly identified three
acoustic wave families. The waves propagating between the electrodes and generated by the non-uniformity energy deposition at the
vicinity of the electrodes beat very strongly and during long time inside the discharge zone. They lower discharge stability and so have
to be damped. The use of appropriate geometrical laser head configurations with acoustic dampers in the right positions has shown
the possibility to increase very efficiently the average power. This study allows to establish a direct correlation between the residual
pressure perturbations and the discharge stability. The required level of residual perturbations to obtain the same laser energy for each
energy deposition seams to be to have less than 5%. According to the output laser, or the laser beam size, or the repetition rate
required, different adapted solutions like perforated anode, porous cathode, small cathode radius, acoustic dampers very close to the
discharge zone can be used. But this study has shown the energy per pulse decreases on a longer time scale for all the laser head
configurations. This ene'gy drop could be related to increase of thermal inhomogeneities and of thermal boundary layers. A solution of
this problem may be to increase the flow velocity between the electrodes. The next step at I.M.F.M. will be to study this phenomena
and operate for longer time scales.
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stajte I ischarve voltage. [ihe voltage riset ime in this circuit is fast because the LC time
c ous t in t i s determi ied byv t he 140, nil i nduc ta n ce an ith te c ombhi n at ioni of tire storage
c i paic iit c e and tile ieakiirig capacitance ini series ( which is approxi: ately the peaking
c apac i ta itc ( ) [ Ilie( v oItagoe , c urr enitt, p)o we(r and energy waveforms are ogiven i n Fi g. 5 . Thte
sco Ii it, i s stc It thIa t t he realI volItage aind current have va) ues 100 t ime s that given in the
vertic ml caipt ions and the poser all(] energy haive values 10 times that given in the
v er t ic i I :,1)t ionsit.,. So-, s ee t Ime m od(IuIa t i o i and the toitalI power deposi tion times agree well
wir t thIte Isiri-4 waveform givein in lip. '3. Fire charging4 voltage i s 20 kV amid the steady
stait e volI tapLe of tire (Ill schiarge i s set at 3 k V . Hie bireakdown voltage of the discharge gap
'a a.t IA i SV. Ilie' i ni tial cuIIrt peak (Ito to capaci tor C vi ves 14 kA with the later

carrin t l, ei 1, s iphi lt l o we r . 'Ihi -e eii (-rpv -.1 -1t 21) '.iV 12 J q nd- t 1'e e iie .g ,e'cst
i s 0i. 4 1. ihe e-f f ic ie tcy vat e n er gv y Ie posi ted to eneroyV stored is therefore M0 according

0 thIe C ircait a ima lvsi S. [he las-er i s oif veor v c orn pa ct dlesign . Fi gure 6 shows the overall1
pulse sowePr aC k,I Sn1p1 al nd(Ii me iis io ns o f te ltCIa ser .

o- ,r( 6. Drawi nig (if laser system.

Parametrimc Behavi or of the \eCl1 Laser

Fliisiur c/ g iv es the variations of output energy and FWIIPl plase length as function of
lii or p 14t volI t apge a t the opitimum gas mixture for the hest energy output. Note that the

eliergyr pe(,r liaUI Se i n crea se s I iiniea rlIy w ith increasing voltage . The FWII7I pulse -2 ngth,
soweIver, isdecrearsi ipq. S e believe this is due to impedance mismatch between the energy
stor ing part of the c irciii t and the dIi scharge . S ince the d ischarge behaves roughl y as a
c onts tanitt vol tapge source, the hi gher charging voltages give higher currents through the
d is c ha ir ge andtit, thus;, a lower dynamic impedance. Figure 8 gi ves variations of the energy
a nd w~ml I-pu ef) 1 f Iic-iency as a funct ion oif charging vol tage. The la s er operates i n XeCl

I IA; I" ' l V

11 1 4 'A

14414 514 11

I, 'I 1 4 V1 !oAl ''I 10V ' W 40 IA

go~jre 7. Plot of output energy Figure 8. Plot of output energy
ul [Si pidF- 11 )uIs ,e lngPthIi ver s u anid w al I- plIug . efficiency versus
c hiarg i ng v o I t a ge inr eCl I charging voltage in XeCI.
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;"'.-' 'VI pul Is e t en9 ,t v e r~u [11 l - pu Is e lenitgthI versus
, r rti 1 ressure e p rtiaI pressure.

w Iith oe percei t efficiency a t he mJ enery eutput energy and I e 1. utput e n d FWIId l se

lengt h data in 'i, . ( and 10 for variations in 11 1-li. concentration and Xe concentration
respectiveIy show tho possi1 iity olf taiIo rin2 pI se lengIths by ch:anging the
impedlance o t t e discliarge throu,,h di fferent ,gas mixtures. Note that 200 ns Fi1' 11 1) pl Se
lengths is p osible with 8() m per pulse output energy in an . l . 1 ClI-il) gas mixture.

Discuss i on

i have shown the operat ion of a compact., long-pulse, excimer laser with one to one
aspect ratio that is excel lent for high energy transmission through thin optical fibers
for medi cal appl icat ions. The laser operates with a F'l. pulse length that is
pirametrical ly adjastable between 150 to 200 ns. The laser is designed for a pulse
repet i t oii rate o 101 l~z -ItIough presently we have oilIy operated the device up to 40 lz
Iit e to power s u p11 y Ii TIt at i lens. The techli i que is especially powerful as it allows long

ptIIlse operat I'l in Xe(.l , K.r: and Xe" wavelenths.
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HIGH REPETITION RATE EXCIMER AND CO, TEA LASERS

H. M. von Bergmann and P. H. Swart
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Johannesburg, 2000, South Africa

Abstract

High average power industrial excimer and CO, TEA laser systems, capable of being
operated at repetition rates of several kHz, with multi kilowatt outputs, have been
developed through an R&D program by the Group for Pulse and Laser Technology (PULSTEK) at
the Rand Afrikaans University. Te subject of this paper is a laser system utilizing a mag-
netically coupled, large diameter, axial flow fan in a recirculating gas system which
provides gas flow velocities of up to 90 m/s. It employs a spark-preionized discharge unit
with an electrode length of 800 mm and a discharge volume of 0.25 1. The laser has been
operated as a KrF excimer laser, as well as a CO, TEA laser and average output powers of
respectively 500 W and 2.5 kW have been achieved at pulse repetition rates of up to 2 kHz.
The pulsed power conditioning system used for the excitation of the laser consists of an
LC-inversion circuit aided by double-stage magnetic pulse compression and is switched by a
single 5" thyratron.

Introduction

High repetition rate excimer and CO, TEA lasers, with output powers extending into the
kilowatt range, are becoming important in a large number of industrial applications. Maximum
outputs of 500 W have been reported for excimer lasers' and 10 kW for CO , TEA lasers

2  
at

repetition rates of 500 Hz and 1 kHz respectively. These lasers are, however, not commer-
cially available and the Group for Pulse and Laser Technology (PULSTEK) of the Rand
Afrikaans University has therefor initiated an extensive R&D program aimed at the develop-
ment of high-repetition-rate, high-average-power industrial excimer and CO, TEA laser sys-
tems with projected repetition rates of several kiloherz and multi kilowatt outputs.

As part of the program, we have investigated several lasers utilizing various types of
gas recirculation systems, including compact cross-flow fan driven systems3 with flow
velocities of up to 40 m/s as well as large, fast-flow systems driven by axial and centri-
fugal fans with flow velocities in excess of 100 m/s.
These lasers utilize a number of alternative pulser -

configurations4 , including single and multiple thyra-
tron switched LC-inversior circuits, assisted by
single and double stage magnetic pulse compression and
multistage pulse compressors, switched by low voltage
thyristors through step-up pulse transformers.

This publication reports on a KrF excimer and CO,
TEA laser system, designed for repetition rates of
2 kHz and average electrical input powers of up to
50 kW. Projected optical output powers are 1 kW for
excimer and more than 3 kW for CO. laser operation. A
photograph of the laser system is shown in Figure 1.
Developments have reached the prototype stage for an
industrial laser system and therefor aspects such as
system reliability, component lifetime and operating 0
costs are currently of overriding importance. As a
consequence, the present design prefers simple and
proven technology, being cautLous of possibly more
efficient, but more complex and therefor higher risk
approaches such as x-ray preionization and prepulse
double discharge excitation.

Description of Laser System

Discharge Electrode Assembly

A large number of electrode geometrie s and preion-
ization arrangements have in the past been applied for Figure 1. High repetition rate,
the excitation of excimer and CO, TEA lasers. The high power laser system
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choice is, however, limited to only a few geometries for industrial laser systems operat-
ing dt kiloherz repetition rates and output power levels in the kilowatt range. Screen type
electrodes in conjunction with behind-the-screen spark or corona preionization, widely
employed for low and medium repetition rate applications, are not suitable at the required
power levels because they are intrinsically fragile and can easily be destroyed by discharge
arcing at high repetition rates. Solid electrodes, which for excimer laser applications have
to be nickel plated or fabricated from solid nickel, have been chosen. Preionization can be
effected by uv radiation from sparks or corona discharges and by x-rays. Whilst x-ray
preionization is known to provide improved discharge uniformity and superior laser perfor-
mance, there are no high repetition rate x-ray generators with proven long term reliability
available. In addition the high x-ray fluxes required at high repetition rates, necessitate
elaborate x-ray shielding and are therefor generally not desirable in systems for industrial
use. Corona preionization is difficult to implement in high repetition rate systems employ-
ing solid electrodes, where side lighting is required, since the extended sources will
hinder gas circulation. Conventional spark preionization is best suited for high repetition
rate high power applications and is utilized in our design.

H. V.

- ~ SPARK
A l.. Cd 4" ARRAY

KiEC'IRODES SPARK ,RRAY

(a) (b)

Figure 2. Electrode structure and preionization arrangement. (a) Cross-sectional view,
(b) Circuit diagram.

The mechanical design and a schematic circuit diagram of the electrode structure are
shown in Fig.2. The electrode structure employs a grounded electrode mountin plate support-
ing a pair of nickel plated discharge electrodes. Preionization is carried out by two spark
arrays mounted adiacent to the electrodes. The discharge electrodes have been machined to a
uniform field profile, using the design procedure according to Staepparts'. The electrode
length is 800 mm with a separation of 20 mm. The electrode system provides a discharge
volume of 740x20xl5 mm' (0.22 1) for excimer laser and 740x20x20 mm' (0.3 1) for CO, laser
operation. The two spark arrays, which consist of 36 sparks each, are connected in parallel
with the discharge electrodes and peaking capacitors. This arrangement effects automatically
timed preionization early during the rise of the discharge voltage. The sparks are in-
dividually inductively balasted and their energy is limited by the preionization capacitor
C,,. Fine-tuning of the amount of energy channelled into the preionization is accomplished
by adjusting C,.. This energy has to be minimized in order to avoid excessive spark electrode
erosion at high repetition rates. Typically less than 10 % of the stored energy is used for
the preionization. The upper electrode mounting plate, which is an integral part of the
pressure vessel containing the laser gas, has been manufactured from stainless steel to
reduce distortion of the electrode structure at the high operating pressures required for
excimer laser operation. The peaking capacitors are mounted externally to avoid contact with
the laser gas and are connected to the high voltage electrode (cathode) by current
feedthroughs. The latter are furnished with electrostatic shields to prevent surface track-
ing. The electrode assembly incorporates flow profiles which are part of the gas flow nozzle
design. The spark gap geometry has been selected to minimize interference with the gas
flow.

Opti al RPsonator

The optical resonator employed for excimer laser operation consists of a flat, dielectri-
cally coated total reflector and a flat uncoatezd MgF, output coupler. For CO, laser opera-
tion a 20 m radius copper total reflector and a flat 60 % reflectivity ZnSe output coupler
are used. Higher laser outputs can be extracted from the CO, laser using output couplers of
higher reflectivities, however, at an increased risk of optics damage. The mirror mounts are
furnished with facilities for water cooling of the optics and for purging of the laser win-
dows with clean gas.
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Gas Flow System

High repetition rate operation of the laser requires replacement of the gas in the dis-
charge volume between successive laser shots. At a repetition rate of 2 kHz and a clearing
ratio of approximately 2, flow velocities of more than 80 m/s are required. Furthermore,
operating pressures of up to 4 bar, needed for efficient excimer laser operation, neces-
sitate low distortion mechanical design. Several flow system geometries and fan arrrngements
have been investigated and finite element structural analysis has been utilized to design
low distortion pressure vessel geometries.

ELECTRODES

~HEAT
EXCHAINGER

~MOTOR

FAN MAGNETIC
t-OUPLr INGk

Figure 3. Cross-sectional view of gas flow system.

A cylindrical flow system, as shown in Fig.3, was found to yield the optimum design. The
pressure vessel has an outer diameter of 1850 mm, a length of 1050 mm and a total gas volume
of approximately 1300 1. It employs a magnetically coupled, two stage axial fan, driven by a
15 kW variable speed induction motor. A finned tube heat exchanger with a capacity of
60 kW is placed upstream from the discharge channel. The system has been manufactured from
mild steel and has been nickel plated to make it compatible with excimer laser gasses. All
insulators in contact with the gas are manufactured from either alumina ceramic or PTFE.
Distortion of less than 50 im has been measured at the electrode plate flange at the full
operating pressure of 3.5 bar.

High Voltage Pulser

Excitation of the laser requires electrical input pulse energies ranging from 15 to 25 J
at repetition rates of up to 2 kHz. Under these conditions average electrical input powers
in excess of 50 kW have to be furnished. Peak voltages of 40 kV and voltage rise times of
120 ns (10-90%) are necessary for efficient laser operation. Thyratrons are still employed
as switching elements in low and medium power industrial excimer and CO2 TEA lasers, since
they are the only switches that can operate reliably and with acceptable service lifetimes
at the required high voltages and repetition rates. For high power laser systems, however,
direct switching necessitates switch requirements far in excess of the capabilities of even
state of the art thyratrons and their lifetimes are reduced to unacceptably low values as a
consequence. Direct switching, employing multiple paralleling of thyratrons, although
feasible for laboratory systems 6 , is impractical for industrial lasers. This is so because
of the need for complex synchronization electronics and the high investment and replacement
cost for large size thyratrons.

An alternative to this costly and complex direct switching technique is the use of mag-
netic pulse compression7 , which effectively reduces the switching adversities in high power
lasers. The switching voltage can be reduced to levels compatible with single gap thyratrons
by LC-inversion type pulsers. These techniques have been successfully employed to raise
thyratron lifetimes to close to their design value of 5000 hours.

Various pulsing circuits suitable for excitation of the laser have been evaluated
theoretically' and experimentally4 . We have used a number of thyratron switched pulsers
based on the LC-inversion principle with single and double stage pulse compression, as well
as an experimental thyristor switched multistage pulse compressor. These pulsers are shown
schematically in Fig.4 and are listed together with their relevant operating parameters in
Table 1.
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The LC-inversion pulser with single stage pulse compression as shown in Fig.4(a) has been
switched by two thyratrons connected in parallel. Synchronization of the thyratrons is not
critical at the comparatively slow switching times and current sharing is enforced by par-
tial uncoupling through split storage capacitors. Thyratrons employed were large diameter,
hollow anode metal envelope types. The pulser can operate at repetition rates of more than
2 kHz, corresponding to average input powers of 50 kW. Operation at 2 kHz, employing a
single thyratron, had to be limited to time durations of a few minutes or to burst mode
operation at low duty cycles to avoid overheating of the thyratron. This pulser performs
satisfactorily but it has the disadvantage that it requires state of the art thyratrons,
which are costly and not readily available.

U1  L1 U 2 L2  U 3

,JcC I7 5  TCS T
_Ls T

(a) (b)

co T1 Tc2 T3 Tc
(c)

Figure 4. Pulser configurations. (a) LC-inversion with single stage pulse compression,
(b) LC-inversion with double stage pulse compression, (c) multistage pulse
compressor.

By equipping the LC-inversion pulser with double stage pulse compression, as shown in
Fig.4(b), it is possible to relax the switching requirements to such an extent that the
laser can be operated continuously at repetition rates of up to 2 kHz using a single, low
cost 5" thyratron. This pulser is currently being employed because of its relative economy
and its technical superiority over the single stage thyratron pulser.

Saturable inductors have been constructed from amorphous, Z-type toroidal core material.
In the final stages, strip line windings are used to reduce conduction loss, while for the
initial stages, where the number of turns is higher, multiple parallel windings are used,
each wound with a number of enamel insulated wires in parallel. The cores and windings are
directly cooled by circulating low viscosity insulating oil through the inductor enclosures.

Table 1: SWITCHING PARAMETERS OF EMPLOYED PULSERS

TYPE OF PULSER CHARGING SWITCH CURRENT COMPRES. STORED OVERALL
VOLTAGE Peak RMS Ave. Duration di/dt FACTOR ENERGY EFFICI-

[kVj (A] A] [A] [ns] [kA/Is] 8 [J] ENCY [Z]

LC-Inversion. Single-Stage 21.9 10100 189 4.5 370 95.0 2.3 25 79
Single Switch

LC-Inversion. Single-Stage 21.9 5050 94.5 2.25 370 47.5 2.3 25 81
Double Switch

LC-Inversion, Double-Stage 23.0 2020 84.0 4.30 1650 4.0 12.7 25 77
Single Switch

All-Solid-State, Multistage 43.2 45 4.5 0.57 68000 0004 264 22 77
(High Voltage Side) 4 45 4
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The oscillogram in Fig.5 depicts the voltage waveforms and the thyratron current for the
LC-inversion pulser with double stage pulse compression. The traces were recorded at a
charging voltage of 23 kV and during high repetition rate operation. Maximum thyratron cur-
rent is 2.0 kA with an overall pulse compression ratio of 13.

Figure 5. Oscillogram of thyratron current i, (uncalibrated) and voltages U.', U2 and U,
for the LC-inversion, double stage pulser. 400 ns, 5 kV/full div.

While the LC-inversion pulser with double stage pulse compression constitutes a major ad-
vancement in thyratron life and replacement costs, thyratron life is still limited and re-
placements of about twice a year will be required. It is therefor desirable to replace
thyratrons by solid state switching elements which can have a practically unlimited
lifetime. This requirement can be realized by the experimental thyristor switched compressor
shown schematically in Fig.4(c). This circuit employs four stages of magnetic pulse compres-
sion to bring switching times into the regime of commercially available thyristors. The ex-
perimental multistage compressor has been constructed with inductors wound on toroidal mag-
netic cores and insulated against high voltage breakdown by applying a coating of silicon
based high voltage insulating compound. The dielectric insulation obtained by this simple
procedure has enabled operation at input voltages of up to 42 kV and repetition rates of up
to 650 Hz. Operation had to be restricted to low duty cycles, in order to prevent overheat-
ing of the cores. A prototype compressor, using oil for cooling and insulation is presently
under construction and will operate continuously at repetition rates of up to 2 kHz.

Power Supply

Power is supplied to the laser by a regulated, thyristor switched, resonant pulsed power
supply9 which charges the laser with pulses of 50 ps pulse width. These power supply units
are used to supply thyratron switched pulsers in the command charge mode, but are also ade-
quate for pulsing the multistage pulse compressor. Voltage regulation of the power supply is
better than 0.1 % furnishing acceptable levels of output pulse jitter in multistage pulse
compressor operation. The power supply is of modular design and a single module can deliver
output powers of up to 12.5 kW and is capable of driving the laser at a repetition rate of
500 Hz. Four modules are multiplexed in an alternate mode for 2 kHz operation.

EXPERIMENTAL RESULTS

GAS FLOW STUDIES

Gas flow velocity measurements have been conducted for a variety of gas mixtures and
pressures using a calibrated, small diameter pitot tube. The results are plotted as a func-
tion of rotational fan speed in Fig.6. The flow velocity increases linearly with fan speed
and reaches maximum values of 90 m/s at fan speeds of 3900 r.p.m. The flow velocity profile
along the laser axis has essentially a flat distribution with only a slight fall towards the
electrode ends. It was found, however, that the current feedthroughs obstruct the flow
resulting in a velocity drop of approximately 10 % behind the feedthroughs. This effectively
reduces the flow velocity as indicated by the error bars in Fig.6.

A simple optical Schlieren technique'° employing an expanded HeNe laser beam has been
used to study the recovery time for optical density perturbations in the laser medium fol-
lowing the electrical discharge. The technique has a deflection angle threshold of ap-
proximately 0.2 mrad. Fig.7 shows the density perturbation recovery at a laser repetition
rate of 2 kHz and gas flow velocity of 90 m/s for a CO, laser mixture of CO,:N,:He - 1:1:8
at a total gas pressure of 1000 mbar. These results indicate that the gas density fluctua-
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Figure 6. Gas flow velocity versus fan speed.

tions are reduced to their initial value after approximately 250 ps which is considerably
shorter than the inter pulse time at a repetition rate of 2 kHz. The recovery time increases
almost linearly with decreasing flow velocity. At this stage no active means for damping of
shock waves caused by the electrical discharge have been incorporated in the flow system.
However, the flow channel has been designed to reflect longitudinal shock waves downstream,
out of the discharge region.

.. .''!'''... . .. ..T . . . . , . .,. .

F, 4
H I ji I I " } I

Figure 7. Optical density perturbation of discharge volume versus time. 200 ps/div.

The maximum repetition rate of the laser at which arc-free glow discharges can be ob-
tained has been measured for KrF excimer and C02 laser gas mixtures at input pulse energy
levels of 24 J. The results of these measurements are shown against gas flow velocity in
Fig.8. With CO, laser gas mixtures (CO,:N 2 :He - 1:1:8, p = 1000 mbar) the maximum arc-free
repetition rate increases almost linearly with flow velocity and a maximum value of 2 kHz is
reached at a flow velocity of 85 m/s. With KrF laser mixture (F2 :Kr:He - 1:20:680,
p = 3500 mbar) the maximum repetition rate is 1.6 kHz. These values are limited at higher
repetition rates by down-stream arcing between the bottom discharge electrode (cathode) and
the preionization electrodes and over the insulator surfaces. Higher repetition rates will
be obtained by increasing the distance between the bottom electrode to the preionization
electrodes and by increasing the tracking path length.

Laser Output Measurements

Preliminary, not fully optimized laser output measurements have been undertaken for
operation of the laser as a KrF excimer and CO, TEA laser. The average output power of the
laser is shown versus repetition rate in Fig.9.

85



KrF excimer laser. The KrF laser experiments were conducted using helium based gas mix-
tures of F2 :Kr:He - 1:20:680 at a total pressure of 3500 mbar. As shown in Fig.9(a) the
average output power increases approximately linearly with repetition rate and reaches a
maximum of 500 W at 1.6 kHz. Single-shot and low repetition rate pulse energies of 350 mJ
have been measured, corresponding to an overall efficiency of 1.45 %. These values decrease
slightly to 315 mJ and 1.3 % at a repetition rate of 1.6 kHz. At higher repetition rates the
output reduces sharply as a result of degrading discharge conditions. Significantly higher
output energies can be obtained with neon based gas mixtures and single shot energies of
450 mJ have been measured. Unfortunately the limited magnetic coupling torque did not allow
operation at high repetition rates with these gas mixtures.
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Figure 8. Maximum arc-free repetition rate versus gas flow velocity for KrF and CO2
laser mixtures versus gas flow velocity.

CO. laser. The laser has been operated as a CO2 TEA laser with a standard gas mixture of
CO,:N 2 :He - 1:1:8 at a total pressure of 1000 mbar. The average output power versus repeti-
tion rate is plotted in Fig.9(b). The output power increases linearly with repetition rate
and reaches a maximum of 2.5 kW at a repetition rate of 2 kHz. This corresponds to single-
shot pulse energies of 1.25 - 1.20 J and an overall efficiency of 5 %.
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Figure 9. Average laser output power versus repetition rate.
(a) Krf laser, (b) CO2 TEA laser.
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Conclusions

The high repetition rate, high average power industrial laser system which has been
described delivers average output powers of 500 W at a repetition rate of 1.6 kHz as a KrF
laser and 2.5 kW at 2 kHz as C02 laser. Laser performance is limited by the design of the
electrode structure and insufficient uniformity of the gas flow leading to down-stream ar-
cing at high repetition rates. The laser system is being upgraded at the moment by redesign-
ing the electrode structure and improvements made to the flow system. These changes will
enable operation of the laser at repetition rates beyond 2 kHz and, together with optimiza-
tion of the laser gas mixtures, it is expected that maximum average outputs of more than
3 kW for the CO, laser and 1 kW for the KrF laser will be obtained.
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Abstrac

Because short wavelength lasers are attractive for inertial confinement fusion (ICF), the Department of Energy is f r nsoring work
at Los Alamos National Laboratory in krypton-fluoride (KrF) laser technology. Aurora is a short-pulse, high-power, KrF laser
system. It serves as an end-to-end technology demonstration prototype for large-scale ultraviolet laser systems for short wavelength
ICF research. The system employs optical angular multiplexing and serial amplification by electron-beam-driven KrF laser
amplifiers. The 1 to 5 ns pulse of the Aurora front end is split into 96 beams which are angularly and temporally multiplexed to
produce a 480 ns pulse train for amplification by four KrF laser amplifiers. In the present system configuration half (48) of the
amplified pulses are demultiplexed using different optical path lengths and delivered simultaneously to target.

During the last year integration of the Aurora laser system has been completed, and the system and has entered the initial
operational phase by delivering pulse energies of greater than one kilojoule to target. During the initial target shot series, 36 beams
were aligned to target, and the remaining 12 beams were intercepted by calorimeters at the target chamber lens plate. The system
achieved a maximum output energy of approximately 4500 J in 96 beams. A maximum of 1300 J was delivered to target in 36
beans with pulse durations in the range of 3 to 7 ns and focal spot diameters of 450 to 600 gm. The maximum target irradiance was
in excess of 200 TW/cm2 . A maximum system shot rate of four shots per day was achieved. The system has not been optimized,
and several near-term improvements are expected to result in significant increases in both delivered energy and target irradiance.

Introduction

The potential advantages of KrF lasers for inertial confinement fusion have been recognized for several years and have been
disLussed in detail in earlier publications [1-3]. The objectives of the Aurora KrF/ICF laser facility are twofold: to conduct laser
physics and technology experiments important for future laser system development and to conduct target physics experiments relevant
to weapons and ICF applications. Aurora is a prototype system built initially to study and resolve key technology issues for scaling
large KrF lasers for ICF research. These issues include:

" Uniform e-beam pumping of large laser volumes
" Optical angular multiplexing and demultiplexing
" Control of amplified spontaneous emission and parasitics
" Large amplifier staging
" Alignment of multibeam KrF systems
" UV pulse propagation over long paths
" Novel approaches to less expensive optics

All of these issues have been successfully addressed by the Aurora system, and while additional progress is anticipated in several
areas, initial system performance has indicated that no serious unsolved technical problems remain. The system is now operational
with major activities supporting both investigations of the laser physics of large KrF amplifiers and laser-target interaction
experiments.

ICF applications require pulse durations on the order of 5 ns, whereas efficient extraction of high energy from KrF amplifiers
requires amplifier pulse durations of hundreds of nanoseconds. Optical angular multiplexing matches the pulse duration requirements
of target physics and the amplifiers by encoding 5 ns pulses for serial amplification and then decoding the amplified pulses for
simultaneous delivery to target. This concept is at the heart of the design of the Aurora laser system. The systec- has been described
in detail in several earlier publications [4-91. Only an overview will be presented here.
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Figitre 1: A conceptual layout of the Aurora laser system. All of the main optical and laser elements from the front end, through
the final amplifier and on the target are shown.
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Figure 2: A physical layout of the Aurora laser system. The part of the building on the right contains the front end, the opticai
multiplexer (encoder), most of the optical relay train, and the laser amplifiers. The structures on the left house the optical
demultiplexer (decoder), the final aiming mirrors, and the target facility. To determine the scale, it should be noted that the
distance from the Large Aperture Module (LAM) to the recollimator array is approximately 100 m.
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Figure 3: The recollimator array. The first 48 beams from Figure 4: Final aiming mirrors and target chamber lens plate.
the LAM are recollimated and sent on to the decoder and then The computer-controlled mirrors aim each individual beam
to the target. The second 48 beams are intercepted at this through its lens and to the target. Calorimeters are mounted
point (and others) by calorimeters, fast photodiodes, and beam on 12 of the lens holders in this photo.
footprint paper.

Amplifier g0  Ein Eout Stage

(%/cm) (J) (J) Gain

SAM 3.0 0.2 3.0 15

PA 2.2 0.3 50 165

IA 1.0 40 300 7.5

LAM 2.3 250 4500 18

Figure 5: The Aurora target chamber with some early Table 1: Typical Performance of Aurora Amplifiers
diagnostics in place. The lens plate is located on the end of
the beam cone (at right). Fine focusing on target is
accomplished by translating the entire beamcone.

Figure 1 is a conceptual layout of the Aurora system showing all the main elements. Figure 2 shows the physical location of all
elements within the Aurora building. The front end produces pulses for multiplexing and amplification by the Aurora amplifiers. For
target physics work the pulse duration is typically between 1 and 5 ns; pulses with durations up to 20 ns are used for laser physics
investigations [10]. The front end output is divided into 12 channels by aperture division with each channel delayed from the
previous channel by 5 ns. The 60-ns pulse train is then amplified by a double pass through the Small Aperture Module (SAM)
amplifier. The output of the SAM goes to an 8-fold beam splitter array where each group of 12 beams is delayed from the previous
group by 60 ns, resulting in a 480 ns pulse train. Each of the 96 beams strikes a mirror on the computer-controlled angle encoder and
is directed into the input pupil of the Preamplifier (PA). A lens system images the PA input pupil through the PA and the
Intermediate Amplifier (IA) and onto the Large Aperture Module (LAM) input array (feed array). From here beams are double
passed through the LAM for final amplification and travel to the recollimator array, shown in Figure 3 (but not shown in Figure 1).
In the current configuration half of the beams are terminated at the recollimator array. The other half (48) are recollimated and sent
on to the decoder for demultiplexing and final delivery to target. The final aiming mirrors and the target chamber lens plate am
shown in Figure 4. Figure 5 shows the Aurora target chamber.

90



Figure 6: The Large Aperture Module (LAM) awaiting Figure 7: The Large Aperture Module (LAM) 1 m x 1 m
installation of the LAM mirror. The LAM laser volume is aperture with the window and mirror in place. The electron
pumped from both sides by 1 m x 2 m electron beams. The beams enter through the 2-mil titanium foils on the side of the
large guide field magnets are clearly visible, cavity.

The SAM has an active volume of 10 cm x 12 cm x I m. The PA has an active volume of 20 cm x 20 cm x 2.8 m. The IA has
an active volume of 40 cm x 40 cm x 2.8 m. The SAM, PA, and IA all employ single-sided e-beam pumping. The LAM. shown in
Figures 6 and 7, has an active volume of 1 m x 1 m x 2 m and employs double-sided e-beam pumping. Typical performance data for
the individual amplifiers is given in Table I. More detailed descriptions of the Aurora amplifiers and their performance may be found
in earlier publications [4, 7, 8, 11, 121.

Laser Physics

The laser physics program has three goals: to characterize, analyze, and optimize Aurora laser performance; to generate an
extensive data base in order to refine the KrF kinetics code and support the design of larger KrF systems; and to investigate
fundamental laser physics, such as pulse shape and bandwidth effects.

At present laser diagnostics consists mainly of calorimeters and, for temporal information, fast photodiodes. Data is digitized and
stored on computer for further analysis. Typical experiments have included temporal pulse shaping, amplifier bandwidth, absorption,
and ASE measurements. For the SAM, PA, and LAM amplifiers, small-signal gain (SSG) measurements have been made as a
function of vertical position, distance from the foil, F2 concentration, total gas pressure, and Marx charge voltage. Measurement of
the spatial uniformity of the PA small-signal gain along the vertical dimension has also been conducted. Detailed reports of the
results of laser physics experiments may be found elsewhere [13-17].

The size of the final Large Aperture Module was chosen to address issues associated with the scaling of these devices to higher
energy and lower cost. Due to its large physical size, energy deposition uniformity and ASE could affect energy extraction. ASE
modeling codes for the LAM (with small-signal gain go, absorption (x, and wall reflectivity as parameters) predict that ASE lowers
the measured SSG and reduces energy extraction by 20%. Preliminary measured gains are in agreement with model predictions [13,
14].

Spectral bandwidth is recorded at the decoder on each shot with a 1 m spectrometer. With a conventional front end, typical
bandwidths at the target are about 20 cm 1 . Work is in progress to increase this with the installation of a broadband ( 200 cm 1 ) front
end.

Target Physics

Aurora is in the early stages of use as a target-physics facility, and reliable operation of target instrumentation has recently been
verified. To date, target diagnostics have been used primarily to characterize the plasma formed by the focused, overlapped beams on
target foils. The diagnostic capabilities include filtered x-ray pinhole cameras which record an image of the plasma as a function of
x-ray energy. A transmission grating spectrometer records an x-ray energy spectrum. The appearance of certain atomic bands
provides confirmation of the target irradiance. Filtered x-ray diodes provide temporal information on the x-ray emission at a variety
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of x-ray energies. Streak and framing cameras yield additional temporal information. More complete details of Aurora target

diagnostic capabilities are available in Ref. 18.

Final System Integration

The goals for the Aurora KrF/ICF laser facility during FY89 were:

" Complete system integration and deliver kilojoule-level energy to target.
• Demonstrate reliable system operation.
" Deliver greater than 25 TW/cm 2 to target.

Laser system integration was completed in December 1988 with the extraction of 2500 J from the LAM and the delivery of 780 J
to the target-chamber lens plate in 48 beams. For this shot the full size LAM mirror was not available. A down-sized mirror with an
area of 20% of the full LAM aperture was used, resulting in lowered LAM output energy and stage gain. Only 48 of the 96
amplified beams are taken to the target area by the present Aurora optics system. The energy delivered to the lens plate on this shot
was further reduced by losses on optical surfaces between the LAM and the lens plate (estimated at 15%) and additional loss due to
absorption by impurities in the air in the beam tunnels (estimated at 27% based on absorption measurements).

The full-sized LAM mirror arrived and was installed in May 1989. Tunnel air absorption was reduced to about 10% by the
addition of an air-handling system and filter bank. Damage to the optics in the centered optical system occurred during the previous
shot series that included final integration and the delivery of kilojoule-level light to the lens plate. These damage problems were
substantially reduced in following months, but because a full set of spare optics was not available, the gain of the PA was reduced (by
reducing laser gas pressure) to preserve the damaged optical elements for as long as possible.

System integration was completed in June 1989 with the first full system shot to target. 770 J was delivered to target in 36 beams
in a 7 ns pulse (FWHM) with 80% of the energy in a spot 600 lim in diameter, producing a target irradiance in excess of 30 TW/cm2.

System Performance During Initial Target-Physics Experiments

The first series of target-physics experiments using the Aurora KrF/ICF laser facility was conducted during August 1989. The
goals of this target shot series, called the "High Intensity Campaign," were to increase the irradiance on target, to check out target
physics diagnostics, and to demonstrate the repeatability and reliability of the Aurora laser system. Alignment of the laser system
was accomplished using the automatic input-pupil alignment system and the automated LAM alignment system. Final beam
alignment to target was accomplished manually since the final target alignment system was not operational at that time. During this
shot series 36 beams were aligned to target, and the remaining 12 beams were intercepted by calorimeters at the lens plate for
diagnostic purposes. The second 48 beams were used for calorimetry and bum patterns at other points in the system.

10 The temporal pulse shape was measured throughout the
system using photodiodes with a risetime of 270 ps and
1.35-GSample/s digitizers (742 ps/sample) with typical system

* risetime resolution limited by analog bandwidth effects to
approximately 435 MHz (590-ps risetime resolution). During

6 the High Intensity Campaign the pulse duration from the front

Send was varied to study system performance with different
4 pulse widths and to verify the fidelity of the Aurora amplifiers.

iFigure 8 shows the pulse shape used in the latter stages of the
a. 2 campaign. This pulse shape was measured in the decoder and

is very similar to the pulse produced by the front end. This and
5 other pulse-shape data indicates that the entire amplifier chain

has good fidelity and that the shape of the output pulse can be
,.,2,_ , _, controlled by controlling the front end pulse shape.

0 10 20 30
The focal spot size of the 36 overlapped beams on target

tlme(ns) was measured by visible fluorescence from a UV sensitive fluor
at target center and was confirmed using x-ray images taken

Figure 8: The ultimate pulse shape used during the final stages with filtered pinhole cameras. Optical images from visible
of the High Intensity Campaign. The low level structure on this fluorescence using the front end only indicated a minimum
trace is instrumental in the digital data store and is not a part of focal spot diameter of about 350 gtm for 36 overlapped beams.
the actual laser pulse. Since this technique could not be used for full energy shots,
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x-ray pinhole images were used to estimate the focused spot size. Such images provide an upper limit of the spot size since the
plasma producing the x-rays expands to a larger size than the actual focused laser spot. Figure 9 shows a pinhole camera image of
x-ray emission from a typical target shot. This image was taken with a 1.9 mil Be filter in front of a 25-jim pinhole at 8X, with a
resolution of approximately 26 pm. The x-ray cutoff of this filter occurs at approximately 1.7 keV, so only the central hot plasma
regions are shown in this image. Five other filter thicknesses were also present on this camera, and smaller pinholes and other filters
were used on other shots. In all cases lowering the energy cutoff of the filter resulted in larger images, but the effect was not
pronounced until the filter cutoff was reduced to the several hundred eV range. The FWHM width of the focused spot on this shot
was <450 pm. Based on similar data from all target shots, the spot size has varied from 450 to 600 .tm depending on the accuracy of
manual alignment and the beam quality of individual beams for a given shot, which is dependent on environmental variables in the
beam transport path.

Table U1 lists the energies, pulse durations, and calculated peak target irradiances for 12 successful target shots performed during
the August campaign. Energies were measured using 12 calorimeters on the lens plate and extrapolated to the 36-beam energy.
Pulse durations were measured in the decoder. Focal spot sizes were measured using x-ray pinhole camera images for the individual
shots. The peak irradiance achieved is over 200 TW/cm2.

For the first three shots of the series, the front end was operated in its normal configuration with two Lumonics post amplifiers
producing a total output energy of 4C,, to 500 mJ. The amplifier ASE contributed to the total pulse width on target resulting in a
significant tail and increased pulse width. For the remainder of the shots the Lumonics amplifiers were removed. This reduced the
front end output energy to 20 mJ or less, but caused only a slight reduction in energy on target. This allowed better control of pulse
duration and shorter pulses on target.

The maximum 36-beam energy delivered to target was 1300 J. This represents a 96-beam energy of 3470 J. Assuming
transmission losses of 15% on optical surfaces and 10% to air absorption yields a total LAM output energy of approximately 4500 J.

A high shot rate and good system reliability were successfully demonstrated during the High Intensity Campaign. A total of 12
successful target shots were fired in 12 working days. The first shot attempted on August 31 was unsuccessful because of a minor
problem with a LAM output switch. Following that attempt the switch was repaired and three successful target shots were fired that
day.

Shot 36 Beam Pulse Peak
Date Energy Length Irradiance

(J) (ns) (1014 W/cm2)

8/15 1290 7.0 >1.0

8/16 1300 6.0 2.2 ± 0.9

8/16 1130 7.0 >1.9

8/17 960 4.5 >1.1

soom 8/22 850 5.0 >0.7

8/22 730 3.5 1.5 ± 0.4

8/23 910 3.5 1.2 ± 0.4

8/23 580 4.0

8/30 250 3.5 1.1 ±0.4

8/31 940 3.5 1.1 ±0.4

8/31 840 3.0 1.3 ±0.5

8/31 900 3.5 1.1 ± 0.3

Figure 9: Typical x-ray pinhole camera image of focused Table I: High Intensity Target Shot Series (August 15 - 31,

spot (36 beams) on target. This image was taken at 45 1989)

degrees with a 1.9 mil Be filter in front of a 25 m pinhole at
8x, with a resolution of approximately 26 m. Computer
processing has been applied to remove the effects of film tilt.
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Anticipated Future System Performance

The system has not yet been optimized, and several near term
improvements are expected to result in significant increases in
both delivered energy and target irradiance. The most obvious 12 ' ,
of these is to remove the 12 calorimeters from the lens plate go cm

allowing 48 beams to go to target and increasing delivered 6k 3.5
energy by 33% over the present value. Relatively minor 10
modifications to the front end should result in a 30% increase in 3.0
output energy. Replacement of damaged relay optics will
increase transmission into the PA by at least 25%. New optics
and the further reduction of retropulses and parasitics will allow 8
the PA stage gain to be increased by up to 50% (by operating
the PA at the upgrade design levels). Thus far the LAM has "V
been operated at a conservative Marx charge voltage of 10 kV 6
for all system shots. In the past it has been successfully
operated at 60 kV during pulsed power tests. Figure 10 shows I

the present and anticipated performance of the LAM amplifier.

Thus far target alignment has been accomplished manually, but 4
the final automatic target alignment system is nearing operation. LAM with/ASE, R =0

It should result in both faster alignment and better beam overlap L = 2 M, T = 0.48 S

for a smailer spot. These improvemekits should allow maximum 2A 104er2

target irradiance to approach 500 TW/cm2 in the near term. 2 go/a- 7.5
Isat = 0.85 MW/Cm 2

The near term plans for Aurora include: 96 beams

• Full characterization of the laser performance of the 200 400 600 800 1000

LAM and other e-beam pumped amplifiers. EIN (J)
" Investigations of target prepulse from crosstalk and ASE.

" Measurements of energy absorbed by the target and x-ray Figure 10: Plot of LAM output enegy versus input energy
conversion efficiency. showing the operating regions for 50 kV and 60 kV Marx

" Studies of the temporal pulse shaping capabilities of KrF charge voltages. The square indicates the present operating
systems. point. Improvements in the optical system and the

" Demonstration of broad bandwidth capability of KrF performance of the PA and IA amplifiers will result in
amplifiers, increased LAM input (and output) energy.

Additional performance improvements are planned during the next two years. The installation of IA and LAM upgrades will result
in output energies in the 15-20 kJ range. Improvements in the optical system and the environmental control of the beam path will

allow focal spot diameters of less than 350 pm with an ultimate goal of 200 gm. Ultimately, target irradiance in excess of 1015

W/cm 2 is expected.

The development of the Aurora KrF/ICF laser facility shows continual progress in establishing that KrF laser technology is the

leading candidate for future ICF drivers. Final integration of the system is complete, and Aurora has begun initial operations as a

target physics facility. Recent accomplishments include demonstration of:

" high energy, with multi-kilojoule output and the delivery of kilojoule-level pulses to target in 36 beams;
• high intensity, with maximum target irradiance in excess of 200 TW/cm 2 ; and
* system reliability, with a sustained average shot rate of one shot per day and a maximum demonstrated shot rate of four per

day.

Conti nued improvements in system performance are anticipated in both the near and far terms, with the goal of achieving routine

operation with target irradiance in excess of 1015 W/cm2.
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Abstract

The energy deposition of the e-beam pumped MLI Two-Meter Laser was measured and compared using
dosimetry films, electron calorimetry, current measurements, and pressure rise measurements. The
measurements agreed within their uncertainties.

Introduction

In order to design a large e-beam pumped excimer laser system for Inertial Confinement Fusion, the laser
efficiency must be accurately known, as small changes in efficiency lead to large variations in the ICF laser
system cost. In order to determine efficiencies, the energy deposition of the e-beam pump must be known. The
methods of determining energy deposition vary, and each laboratory has their favorite technique. With this in
mind, the purpose of this work was to survey and compare various commonly used energy deposition
measurement techniques, with the ultimate goal of increasing confidence in the laser efficiencies reported by
this and other laboratories.

Two-Meter Laser

The e-beam device utilized in this study was the MLI Two-Meter Laser. This device is powered by a seven
stage marx bank capable of storing 151 kJ, and has a maximum erected voltage of 840 kV. The diode voltage
was 350 kV for this study. A self breaking peaking switch sharpens the rising edge of the pulse, while a
diverter switch terminates the pulse. The resulting e-beam pulse is 1 gzs long, and has a near top hat intensity
profile. The carbon felt cathode used for this study was 10 x 200 cm 2 . A guide field of 600 gauss was used
to assist in the transport and deposition of the e-beam. The pumped volume in the laser chamber was
approximately 15 x 20 x 185 cm 3 ; the total volume was 355 I. No baffles were used to confine the e-beam to
a specific volume. The gas mix utilized for most of the deposition measurements was 90% Ar and 10% Kr at a
total pressure of 800 Torr.

Dosimetry Films

Two types of dosimetry films1 were used to measure the deposited energy: a nylon film using
triphenylacetonitrile dye, and a chlorostyrene film using malachite green methoxide dye. The films are in the
form of thin (2 mil) sheets, which are hung in the laser chamber and turn blue upon exposure to ionizing
radiation. The optical density at 632 nm was measured with a HeNe Laser densitometer, and the deposited
energy determined using a calibration graph, which gives the deposited energy in units of MradH20, The dose
into water must be converted to dose into the Ar/Kr mix by using the ratio of the stopping powers of Ar/Kr
(mole fraction weighted) and H20. Stopping powers may be found in the ICRU tables 2 . The advantage of the
film technique is the ease and simplicity of its use and the spatially resolved nature of the measurement; the
deposition can be determined at any point in the laser chamber. There are, however, cautions for the technique.
Acidic gasses such as N02, S02, HCI (and probably F 2 ) attack the dye and color the film in seconds3 , thus the
deposition cannot be determined in a laser mix. Gasses such as C02, CO, H20, H2, and hydrocarbons have no
effect on the film.

The film is sensitive to UV light, so that exposure to sunlight or fluorescent room lights darken the film in
several minutes. The film therefore cannot be used inside a laser resonator where a high flux is present. The
UV fluorescence normally found in an e-beam excited Ar/Kr mixture, however, is not sufficient to color the
film; the thresholl is roughly 100 mJ/cm 2 . In addition, although the film darkens immediately upon exposure,
the maximum optical density is reached several days after irradiation. Upon readout, the film may produce
interference fringes at low optical densities, so that readout wavelength and film thickness variations could lead
to spurious results.

The optical absorption of the Chlorostyrene film peaks at 630 nm, so that the film saturates at an optical
density of 4 for a 2 mil thick film. The range of the film can be increased by measuring the optical density off
the peak at 430 nm. The nylon film has an absorption maximum at 610 nm, and saturates at an optical density
of 2 at 632 nm. The deposited energy range covered by these two films is similar.

The measured optical density is dependent on film thickness, It was found that the film thickness can vary
by 15% from the nominal 2 mil for different batches, although within a batch the thickness is constant. The
optical densities were normalized to reflect a 2 mil film thickness for use with the calibration curves.

The calibration curve for the Chlorostyrene film was supplied by Far West Technology and based on
measurements using a calibrated 6 0 CO source. Optical densities at 630 and 430 were provided. The calibration
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curve for the nylon film was supplied by Far West Technology at a wavelength of 600 nm. This was converted
to a curve at 632 nm by measuring the absorption spectra of the exposed film at various doses, and determining
the OD at 600 and 632 nm. A new calibration curve at 632 was constructed using the pair of OD's (at 600 and
632 nm) at the same dose and the 600 nm calibration curve. The measurements using the nylon film are
therefore regarded as having less accuracy. The calibration curves are shown in Figure 1.

The measured pump power in the center of the e-beam is shown in Figure 2 as a function of distance from
the foil for both types of dosimetry film. The solid and open data points represent measurements using nylon
and Chlorostyrene films; several batches of film were used, and are represented by different symbols. Excellent
agreement is found when using a single type of film; measurements made a year apart agreed within 5%. The
nylon and Chlorostyrene films agree within 15%.

10*8

80-4U

Chlorostyrene60

Nylon n., .
z 40 4Z

200
.1.........................................2

.1 Dose(Mad H20) 10 0 5 10 15 20
Distance from Foil (cm)

Figure 1. Calibration Curves for Dosimetry Films. Figure 2. Pump Power Versus Distance from the Foil.
The Open Data Points are Chlorostyrene Film,
the Solid Points are Nylon Film, and the Circled
Crosses are Calorimetry Results.

Calorimetry

The energy deposition was measured using total stopping e-beam calorimetry. The e-beam energy was
measured at various distances from the foil; a subtraction yields the amount of energy deposited into the gas.

The calorimeter design is illustrated in Figure 3. The electrons are absorbed by a 0.3 cm thick piece of
POCO AXF 5Q graphite 4 , which has a fine grain structure with reproducible characteristics and whose
thermophysical properties are well known 5 . The 0.3 cm thickness was chosen to be three times the CSDA
rangel of 350 KeV electrons; subsequent calorimeter designs would utilize a thinner graphite slab for increased
temperature rise and sensitivity. The graphite slab is supported on a NEMA 310 cylinder, and the temperature
rise determined using a chromel-constantan thermocouple, which is non magnetic. An insulated aluminum
shield protects the calorimeter from scattered electrons.

The results of the measurements are shown in Figure 2. Because the calorimeters were separated by 4.5 cm,
the energy deposition is averaged over this distance. There was a ± 7% standard deviation in the absorbed
energy of each calorimeter; when calorimeter energies are subtracted to obtain the energy deposited in the
interval between them, the result is a ± 50% error in pump power. Nevertheless, the agreement with the
dosimetry film results is excellent.

CARBON ABSORBER C c-

NEMA 310 03

STYROOAM
INSULATOR o 0

ALUMINUM

THERMOCOUPLEo

Figure 3. Calorimeter Design. The Carbon Absorbs Electron Beam While Insulated Aluminum Shield Protects Against Scattered Electrons.
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Current Measurements

The e-beam current in the laser chamber is an excellent measure of device performance, however, a Monte
Carlo electron transport and deposition code is necessary to determine the energy loss of the electron beam.
The energy loss (kV/cm) multiplied by the e-beam current (A/cm 2 ) yields the pump power (kW/cm 3 ). The value
of 7.5 kV/cm for 350 keV electrons at a distance of 3 cm from the foil and a pressure of 800 torr of Ar/Kr mix
was obtained using the BETA-1I Monte Carlo code. The current was measured with several Faraday cup designs;
the agreement with the film and calorimeter results is shown in Figure 4.

80-

a0 Chlomstyrme
60- 0 NylonSCalorimeter

o Faraday Cup
2a Pressure Rise

E 40 £ 0

20 ...... . .. V . . ... ..

0 5 10 15 20
Distance from Foil (cm)

Figure 4. Pump Power Results for all Methods.

The transmitted e-beam current was measured using three Faraday cup designs. The first design, shown in
Figure 5, has been used extensively at MLI; it is simple, inexpensive, and reliable. A carbon block (POCO
AXF 5Q), 2.5 cm in diameter and 1.2 cm thick, collects the electron flux. A connector is affixed to the rear of
the block with conductive epoxy; the signal lead is taken outside the laser chamber, run through a Pearson
Probe6 (Model 1IOA) and grounded on the laser chamber. The collected electron current induces a voltage in the
Pearson Probe, which is measured with an oscilloscope; a calibration factor yields the current. A shield
(aluminum or lucite) was necessary to restrict the electron flux to the front surface of the carbon block. A
thin (0.5 mil) Kapton film was required to improve the rise and fall times of the current signal under certain
conditions. This Faraday cup design was insensitive to the position of the signal lead ground, however, the
small collection area resulted in some noise on the current trace.

PERSN PROBCRBNBLC

EPOXY

UASER CHAMBER WALL
TO SCP

Figure 5. MLI Faraday Cup Design.

The second Faraday cup was designed and constructed by Spectra Technology 7 , and is shown in Figure 6.
The cup is enclosed in a grounded box, and has a thin Kapton window. The carbon block collector is serrated.
although this does not result in increased collection efficiency. A calibrated resistor bank is enclosed between
two metal plates; the voltage drop of the collected current is measured with an oscilloscope. The ground
connection was carefully made with a wide strap of copper foil. The large (7 x 7 cm 2 ) collection area resulted
in good signal-to-noise ratios.
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Figure 6. Spectra Technology Faraday Cup Design.

The third Faraday cup, dubbed the LANL design, combines the best features of the MLI and STI cups, and is
shown in Figure 7, The cup is enclosed in a grounded box with a 0.5 mil Kapton window, and has a
10 x 10 cm 2 collection area. A carbon plate is clamped to a metal pedestal, which is attached to the box and
ground. The collected electron current flows through pedestal, and induces a voltage in the Pearson Probe,
which surrounds the pedestal. The signal is taken out and fed into an oscilloscope. Grounding is accomplished
via a wide copper strap. The signal-to-noise was excellent, due to the large collection area.

TO SCOPE

' KXAMrN F".

MODEaL I10A

GROUNDED BOX

LASER CHMER WALL

Figure 7. LANL Faraday Cup Design.

The Faraday cup performance is compared in Figures 8, 9, and 10 for Air, I atm of Argon, and vacuum
(-I torr). The MLI cup is shown with and without the Kapton film. The current measured using the MLI cup
(with the Kapton) and the STI cup were taken on the same shot; the MLI (w/o Kapton) and LANL cup traces
were taken on different shots. The Two-Meter Laser is extremely reproducible, so these comparisons are valid.
The value of the current for all three cup designs agreed within 10%; part of this was due to the fact that the e-
beam uniformity was 7% over a 7 cm height at the Faraday cup position; the various size cups averaged over
different parts of the e-beam.

All of the Faraday cups performed well in Argon, Air and Vacuum, with the exception of the MLI cup
without the Kapton Film. The STI cup does not return to the baseline after the shot, while the MLI (w/Kapton)
design rings. These effects were ignored, as all the traces were found to overlap and give the same shape
during the pulse.
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Figure 8. Faraday Cup Performance in 1 Atm of Air. Figure 9. Faraday Cup Performance in I An of Argon.

Figure 10. Faraday Cup Performance in Vacuum (-I Toff).

Pressure Rise

The deposited e-beam energy is ultimately converted into light and heat, so that in a measurement of pump
power using the pressure rise method, the fluorescence efficiency and pumped volume must be known accurately.
The fluorescence efficiency was determined using a C02 poisoning method: C02 was added to a Ar/Kr mix
while the pressure rise and sidelight fluorescence were monitored. The sidelight intensity was reduced by 100
with the addition of 30 torr of C02; at this point the net pressure rise was approaching and asymptotic value.
The fluorescence efficiency, after correcting the pressure rise for the addition of C02, was found to be 18.7%.

The e-beam was not confined to a specific volume with baffles, however,a magnetic guide field and low gas
pressure resulted in an e-beam with fairly sharp boundaries, which were determined using dosimetry film. The
energy deposition was determined using the following formula:

E JS=0. 20APT

where the pressure rise AP is in Torr, and the energy density E/V is in J/l. The energy density in the pumped
region was determined by multiplying by the ratio of unpumped to pumped volumes, and correcting for the
fluorescence loss. This formula was derived from the equipartition of energy for an ideal gas, and hence does
not account for work done by the pumped gas on the unpumped regions. For these reasons, the accuracy of the
pressure rise measurement is estimated as ±25%.

The pressure rise was measured using two MKS Baratrons (models 317HA and 122AA), which have response
times of approximately 1.0 ms and 20 ms, and recorded using a Linsis L2005 chart recorder with I m/s writing
speed. The pressure rise was also recorded on an oscilloscope, which indicated the recorder was fast enough.
No significant difference was observed with the two Baratron models. The pressure rise result, which is
averaged over the pumped region, is plotted in Figure 4.

Conclusions

The energy deposition for an e-beam pumped laser was measured using four techniques; dosimetry film,
calorimetry, Faraday cup, and pressure rise measurements. Within the uncertainty of each technique, all the
methods agree.
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Table 1 summarizes the strengths and weaknesses of each technique. It is apparent that no method yields a
complete knowledge of the deposition in time and space; in fact, a combination of methods must be used. For
example, a Faraday Cup measurement depends on the accuracy of a Monte Carlo electron transport code, which
may be validated with a pressure rise or calorimeter measurement. The selection of a particular deposition
technique depends on the depth of the knowledge and accuracy required for the problem at hand, as well as the
time available to perform the measurement.

Table 1.

METHOD STRENGTH
Dosimetry Film - Spatially resolved - Integrates over time

- Independent of fluorescence yield - Saturates
- Calibration curve needed

Calorimetry - Independent of fluorescence yield - Integrates over time and space
Relatively inaccurate

Faraday Cup - Independent of fluorescence yield - Need code to determine energy loss (kV/cm)
- Time and spatially resolved - Many measurements needed to get spatial resolution

Pressure Rise - Ease of use - Not spatially or temporally resolved
- Dependent on fluorescence yield
- Must know pumped volume accurately
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Absorption Experiment Electron-Beam Pumped Rare Gases
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Absorption experiments have been performed on electron-beam pumped rare gases (argon and krypton)
as a function of pump power at 248.4 nm and 257.3 nm. Energy deposition into the gas was varied by
attenuating the electron beam with one or two stainless steel screens and by varying the gas density.
The results from two separate energy deposition diagnostics agreed to within 20%. The Los Alamos
National Laboratory KrF kinetics code calculations came into agreement with experimental results
after the Ar 2 * absorption cross section was lowered to 1.8x10 18 cm 2 and the Ar 2* radiative decay rate
was increased to 4.4x10 6 s-1.

Introduction

Because they impose a fundamental limit on the
nmextraction efficiency of rare gas halide excimer lasers, Laser

absorption processes in the laser medium are an m
important area of both experimental and theoretical Screen
study. Recently, measurements in electron-beam- Room
pumped F2/Kr/Ar mixtures have yielded absorption Dye
coefficients that are as much as a factor of two greater PD Laser
than predictions of kinetics models. 1- 4 To better
understand these absorption processes, experiments e-gun
have been performed on e-beam-pumped rare gases in
the absence of fluorine, affording a much simpler
kinetics picture that allows for a more precise
benchmark of the kinetics model than is usually Wedge I'
obtained in laser experiments involving a gas mix of probeND
Ar, Kr, and F2 . ND

Absorption measurements were performed at Chamber
248.4 nm and 257.3 nm over a wide range of pressures HR Reference HR4
and pump powers. Results from these experiments
have provided input to the KrF kinetics code that is Fcurrently in use at the Los Alamos National FIG. 1. Diagram of the experimental apparatus. A 248.4-nmcurrntoy. in uaiton twos iff t t nisol beam from a frequency doubled dye laser probed the e-beam-Laboratory. In addition, two different techniques for pumped argon or krypton gas three times before being detected by a
measuring the energy deposited into the gas have been photodiode. A reference beam bypassed the cell and was reflected
employed and their results compared to determine the into the same photodiode, arriving 23 ns earlier than the probe.
most accurate manner of measuring the energy
deposition.

the intensity of the probe beam to -50 kW/cm 2 as it
Experimental Apparatus entered the gas cell on its first pass.

The electron gun 5 produced a 200-ns FWHM
The experimental apparatus used in these voltage pulse with a peak current density of 50 A/cm 2.

experiments is illustrated in Fig. 1. A Lambda Physik The 400-kV electrons which were emitted from the
EMG-101 excimer laser (run on XeCl: 308 nm) pumped hemispherically shaped cathode were constrained by a
a dye laser whose output was frequency doubled in a 1.5-kG magnetic guide field. After traversing the wire
beta-barium borate crystal to 248.4 nm or 257.3 nm. anode / hibachi / foil structure (1.5 mil titanium), they
Half of the -5-ns full width at half maximum (FWHM) entered the gas chamber (see Fig. 2 for a detailed
beam was reflected by a 50% beamsplitter and directed diagram of the gas chamber) and deposited energy into
through the absorption cell in a three-pass the gas. A stainless steel plate having a 3.5 x 8.0-cm 2

configuration while the other half (reference) bypassed aperture was located 5.1 cm from the foil and served to
the cell. The two beams were then reflected onto the define a uniformly pumped region of gas. The current
same photodiode, whose output was displayed on a density that was transmitted through the aperture
Tektronix 7104 oscilloscope. The difference in path could be measured with a Faraday cup when the gas
length of the beams resulted in a -23-ns separation of cell was pumped to a vacuum. It was also possible to
their leading edges, with the reference beam arriving reduce the current density by a factor of 2 or 4 by
at the photodiode first. Neutral density filters reduced mounting 1 or 2 stainless steel screens between the foil
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FIG. 3. Waveforms of the diode voltage and current produced by
Stainless the electron gun. The voltage waveform has a 200-ns FWHM

Steel Screens while the current waveform has a 180-ns FWHM.

FIG. 2. Side view of the gas chamber showing the positions of the reference beam to probe beam peak intensity ratio was
screens, aperture plate, radiachromic film, probe beam and calculated. The transmission of the probe beam
Faraday cup. through the e-beam-pumped gas was calculated by

dividing the probe beam to reference beam intensity
ratio obtained during the shot by the average reference

and the aperture plate. The probe laser beam was to probe beam intensity ratio in the absence of the
aligned slightly past the aperture plate, at a distance of e-beam. The absorption was calculated by taking the
5.8 cm from the foil, and ran transverse to the electron- natural log of the transmission and dividing by 24 cm,
beam, furnishing a single-pass absorption length of the thre-e pass absorption length.
8 cm. The temporal delay between the firing of the Since the same photodiode detected both the
e-beam and the probe laser was controlled with a reference and probe beams, the uncertainty in the
digital delay generator. The gas chamber was filled refei-ence to probe beam intensity ratio was small,
with either 2, 1 or 1/2 amagat of argon or krypton. The typically ± 3%, which translated into an uncertainty in
pressure rise in the gas for each shot was determined the transmission of ± 5%, giving a one standard
using a capacitance manometer. Data were taken deviation uncertainty in the absorption coefficient of
under the experimental conditions given in Table I. ± 0.2 %/cm. However, shot-to-shot variations in the
Typical electron-gun waveforms are displayed in e-beam increase the uncertainty to ± -0.3 %/cm.
Fig. 3. Typical photodiode waveforms of the reference and

probe beams with and without the firing of the e-beam
Absorption Measurement are given in Fig. 4.

The absorption measurement consisted of first Determination of Deposited Energy
filling the gas cell with the appropriate density of
argon or krypton and taking a number of reference Knowledge of both the temporal shape and the
waveforms. The reference beam intensity was varied peak value of the pump power is necessary to make
until the intensities of the beams were nearly equal. code calculations of the absorption. The temporal
The e-beam and laser were then fired, and a picture of behavior can be deduced from the current and voltage
the reference and probe waveforms was taken and waveforms while the peak pump power is determined
compared to the reference waveform. This was from the total energy deposited in the gas. The
repeated for a total of three shots on a gas fill. Several pressure rise technique 6 was not used to determine
reference waveforms were then taken and the average deposited energy, since a large volume of the gas was

unpumped.
Two techniques were employed in these

TABLE I. Experimental conditions experiments to measure the peak pump power. A strip
of radiachromic (RK) film was placed at the position

Gas Gas Density Current Density shown in Fig. 2 (just in front of the path of the probe
laser beam) and was exposed to the e-beam. The
amount of energy deposited in the film was determined
from the change in transmission of 600-nm light

Samagats 50, and 2 A/cm 2  through the film. 7 The second technique involved
1 amagat 50 and 25 A/cm 2  calculating the energy deposition-per-electron-per-cm

0.5 amagat enrg depoitioAusing a Monte Carlo, electron-beam energy deposition

code (EBDC) and multiplying by the peak current
Krypton 2 amagats 50 and 25 A/cm 2  density to determine the peak pump power.

1 amagat 50 A/cm 2  Exposures of RK film were taken under the

experimental conditions given in Table I, and analyzed
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Waveforms FIG. 5. Scan of radiachromic film giving the change in optical
(e-beam present) density in the probe beam direction at a distance of 5.8 cm from the

foil compared to an unexposed sample. Optical density is
AP = 200 ns converted to energy deposited in the nylon film, and a conversion

Pis made to deposited energy in the gas. The dashed lines mark the

boundaries of the e-beam aperture along the optical axis.

_ I I I I I I I
were taken to be incident on a square foil with 15-cm

FIG. 4. Photodiode waveforms in the absence and presence of the sides.
e-beam. The top waveform displays the reference and probe A plot of energy deposited-per-electron-per-cm in
beams when the e-beam is not fired, while the lower trace 2 1 and 0.5 amagats of argon vs distance from the foil
demonstrates the effect on the probe beam when absorption takes
place. The upper trace is expanded compared to the lower by a in the electron-beam direction (x) is shown in Fig. 6.
factor of 2.5, and the time delay between the arrival of the e-beam Each curve represents an average of the depositions in
at the gas cell and the probe beam on its second pass (lower trace) the y-(vertical) and z-(optical axis) directions. The
is 200 ns. dashed line shows the probe beam position. A similar

curve for deposition in the vertical direction is
presented in Fig. 7. The dashed lines mark the edges

to give the energy deposited. An example of the of the foil, and the absorption measurement is taken at
electron energy deposition into 2 amagats of argon y = 0. From symmetry considerations, the deposition
along the absorption line is displayed in Fig. 5. The in the z-direction is identical to that in the y-direction.
vertical axis is the change in optical density of the film From Figs. 6 and 7, the deposited energy density
that has resulted from tue exposure to the e-beam, at the probe position for the 2-amagat argon run is
This is proportional to the energy that was deposited in 70 J/cm 3 /coulomb, giving a peak pump power of
the film. There is some spreading of the e-beam past 780 kW/cm 3 for a current density of 50 A/cm incident
the aperture, but most of the electrons are confined
within the 8 cm. From the figure, however, it is clear 20
that the pump power, the current density and the
absorption are not constant along the optical axis, and . Amagats
determining the absorption is not as simple as dividing 15 2 400 keV
the natural logarithm of the probe beam transmission
by the path length (24 cm). Energy

For an argon density of 2 amagats at a Deposition 10
maximum current density of 50 A/cm 2 , peak pump (keV/e-cm) 1
powers of 600 kW/cm 3 were determined from the RK
technique at the position that the absorption was
measured. Table II displays the peak pump powers for 5
the different experimental conditions, and as can be Probe
seen, the pump power in argon is roughly proportional Positio,,
to both gas density and current density. 0

Calculations of deposited energy density were 0 10 20 30 40
made using the EBDC for electrons of energy 400-keV Distance from Foil, x (cm)
scattering into the various densities of argon and
krypton. Although the electron-gun cathode was FIG. 6. EBDC calculation of electron energy deposition in argon
round, implying a cylindrical geometry, the EBDC in the electron-beam direction (transverse to the optical axis).
assumed cartesian coordinates. However, since the The dashed line marks the probe beam position, and depositions

are given for 2-, 1- and 0.5-amagat runs. In the calculation for
e-beam was apertured to less than half the cathode 2 amagats, each electron, on the average, gives up an energy of
diameter, this approximation did not represent a 295.2 keV to the gas (area under the curve). An initial electron
serious compromise to the modelling. The electrons energy of 400 keV was used in the calculations.
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arrival of the e-beam and the probe beam at the gas
25 cell. By definition, At = 0 is the simultaneous arrival of

* the electron-beam with the probe beam at the
20 400 keV beginning of its second pass through the gas cell.

2 amagats : A plot of absorption coefficient versus At for an
argon density of 2 amagats is disclosed in Fig. 9. Note

Energy 15 that the absorption peaks at the end of the pump pulse
Deposition and decays exponentially. A linear least squares fit of
(keV/e7cm) 10 data points with At > 225 ns to a decaying exponential is

seen as a dashed curve in the figure, and yields a decay

5 Foil ... time of 230 ns. This corresponds to the effective
Boundaries lifetime of the absorber, and is much larger than the

50-ns decay of the current pulse. A similar plot for
0 data taken at 1 amagat of argon yielded a decay time of
-20 -15 -10 -5 0 5 10 15 20 -500 ns, but there is some uncertainty in this value

Distance from Vertical since the absorption values were lower and more
Centerline, y (cm) uncertain.

Also shown in Fig. 9 is the kinetics code
FIG. 7. EBDC calculation of electron energy deposition into calculation (smooth curve) of the temporal dependence
2 amagats of argon transverse to the electron beam. The dashed of the absorption. This was obtained by increasing the
lines mark the foil edges. The calculation for deposition in the Ar 2 * decay rate in the present version of the kinetics
z-direction is identical to this due to symmetry . An initial code from 3.3 x 105 s-1 to 4.4 x 106 s-1 and decreasing the
electron energy of 400 keV was used in the calculations. Ar 2 * absorption cross section from 1.0 x 10-17 cm 2 to

1.8 x 10-18 cm 2 . This brings the calculation into good
on a 225 cm 2 section of foil. This value is somewhat agreement with the peak experimental absorption
larger than the 600 kW/cm 3 value derived from the RK coefficient, and it has little effect on the predicted
film data, and may be partially due to not having an absorption of an e-beam pumped KrF mix, since the
accurate knowledge of the electron energy. A similar argon dimers and dimer ions do not form appreciably
calculation of energy deposition into 2 amagats of in the presence of krypton and fluorine.
krypton, displayed in Fig. 8, yields a deposited energy An important test of the kinetics code was to
density of 106 J/cm 3/coulomb, or a peak pump power of accurately predict the effect of varying the pump power
1.2 MW/cm 3 . on the absorption in two different regimes: by

changing the current density, which should have little
Results effect on the formation and decay rates, but may affect

the Ar 2 * l u * 3y u mixing rate, and by changing the
The temporal dependence of the absorption was argon pressure, which affects the mixing rate and the

measured for the cases of pumping 2 and 1 amagat of three-body formation rates. In addition, because of the
argon at the peak current density of 50 A/cm 2 . Since simplicity gained by having only a single rare gas
the probe beam passes through the gas three times, it constituent in the code, there are fewer constants to
is actually absorbed over a time period of -27 ns. It is vary in bringing code results into agreement with the
therefore necessary to define a time delay, At, which experimental data.
corresponds to the separation in time between the

40 5

ProbI110 2 amagats ArProbe4

30 Position 400 keV r r' t0 0 Data

Energy A3 Ii"r - 230 ns
Deposition 20 Abopto
(keV/e-cm) (%a2

Model 1

10 1 3

0 - 00 . , -

0 10 20 30 40 0 100 200 300 400 500 600 700 800

Distance from Foil, x (cm) Time Delay, At (ns)

FIG. 8. EBDC calculation of electron energy deposition in FIG. 9. Temporal dependence of the absorption at 248 nm of
krypton in the electron-beam direction. The dashed line marks 2 amagat of Ar excited by a 50-A/cm 2 e-beam. The boxes are the
the probe beam position, and depositions are given for 2- and experimental data points, and the smooth curve is a calculation by
1-amagat runs. In the calculation for 2 amagats, each electron, on the kinetics code. The dashed line represents a linear least
the average, gives up an energy of 267.2 keV to the gas (area under squares fit of the At > 225 ns data to a decaying expontential, and
the curve). An initial electron energy of 400 keV was used in the the decay constant is 4.4 x 10s s"1.The uncertainty in the data is as
calculations. shown.
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The effect of varying the argon density on the
absorption coefficient for a current density of 50 A/cm 2  

5
is depicted in Fig. 10. Experimental results are A

denoted by squares, and the code predictions are 4 Experiment O
represented by triangles. In each case, the code over- A Model
predicts the absorption coefficient, although the

Tagreement is quite good. The calculated functional 3 N
dependence of the data is different from the measured Absorption A

dependence, however, and this may be partially due to a(%0//cm)
the uncertainty in the data. The effect of reducing the 2 T
current density on the absorption coefficient at an iA 2 amagats Ar
argon density of 2 amagats is demonstrated in Fig. 11. 1
In this case, the code over-predicts the 50 A/cm 2 data
point, but under-predicts the other data. Overall, the
agreem ent is reasonable. 0 . . . . . .. . . . . . . . . .

All of the absorption data, including both the 0 100 200 300 400 500 600 700
krypton and the argon results, are given in Table II. Pump Power (kW/cm 3)

One series of data points was taken at a wavelength of
257.3 nm in 2 amagats of krypton, and the resulting FIG. 11. Absorption coefficient as a function of pump power.

absorption coefficient was a factor of 2 larger than the Stainless steel screens reduced the current density by a factor of

248.4-nm absorption coefficient. This agrees with the 2(1 screen) and 4 (2 screens). The argon density was held

predicted wavelength dependence of the Kr2 + (and by constant at 2 amagats. Experimental data (0) and calculated
data (A) are shown. Pump powers were calculated from the

analogy, Kr 2 *) absorption cross section made by radiachromic film technique.
Wadt. 9 At the present time, the modelling results for
the krypton data are preliminary, but indicate a larger z
predicted absorption than what has been seen, ( 1)(z) dz = In(T),
implying the need to reduce the Kr 2 * absorption cross -3 (d)
section.

where the path length is over the 8-cm aperture, and in
Discussion order to calculate the absorption coefficient, the

functional dependence of a must be known. From
Exposures of radiachromic film have Fig. 11, at 2 amagats, the absorption has roughly a PO.8

demonstrated the radial dependence of both the dependence, where P is pump power, and the
current density and the pump power, as seen in Fig. 5. z dependence of the pump power is obtained from
Along the absorption line, a peak pump power of Fig. 5. Although this is only an approximation, the
600 kW/cm 3 has been determined from energy resulting z dependence of the absorption coefficient is
deposition measurements in 2 amagats of argon. This illustrated in Fig. 12. The functional form can be
occurs on the e-beam axis, at the point (5.8,0,0). Since expressed as
the pump power, and hence the absorption, is not
constant along the absorption length, but has a a(z) = a of(z) (2)
z dependence, it is inexact to calculate the absorption
coefficient by simply dividing the natural logarithm of
the transmission by 24 cm. Instead, where a. is the absorption coefficient at y = z = 0 and

f(z) is the absorption distribution function, which has
a maximum value of 1 at z = 0. Eqn. (1) can then be
rewritten

5
T z

4 0 Experiment .3 ao f f(z) dz = ln(T) (3)
A Model

3 and the integral of f(z) dz can be determined by finding
Absorption the area under the curve in Fig. 12. In so doing, one

a( 0//cm) A obtains the result
2 z-r

f f(z) dz = 7.8 cm,
J =50 A/cm

2

Awhich implies that assuming a constant pump power

0 . . . . 1 . . . . . . . . . . . . . . . along the 8-cm absorption length results in a

0 0.5 1 1.5 2 determination of the peak (at (5.8,0,0)) absorption
coefficient that is accurate to within 2.5%. If the

Argon Density (amagats) absorption is assumed to be linear with pump power,

FIG 10. Variation of the absorption coefficient with argon then f(z) is identical to the curve in Fig. 5, and

density. The experimental data (0) were taken under conditions z
of maximum e-beam pumping. Also shown are the kinetics code f f
predictions (A). The pump power is proportional to gas density. (z) dz = 7.3 cm.
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TABLE 1I. Peak pump powers (kW/cm 3 ) and peak absorption coefficients (a, %/c..) at 248 nm for the different experimental conditions.
Pump power values were determined from both the EBDC and radiachromic film techniques. In the case of krypton, a second series of
measurements was also made at 257.3 nm (shown in parentheses). The screens reduced the current density by a factor of 2 (1 screen) and
4 (2 screens).

Gas Density Current (A/cm 2 ) Pump Power (kW/cm 3 ) a (%/cm)
(amagats) (# Screens) EBDC RK film

Argon 2 50(0) 780 600 4.3
2 25(1) 390 300 3.0
1 50(0) 400 340 1.6
2 12(2) 180 130 1.7
1 25(1) 200 160 0.9

0.5 50(0) 200 170 0.4

Krypton 2 50(0) 1190 - 1.3 (2.6a)

1 50(0) 870 0.8
2 25(1) 600 0.5

a Measured at 257.3 nm

Therefore, the absorption coefficient calculated in the current density at y = z 0, the total current measured
simple way given in the experimental set-up section is by the Faraday cup (I) is
nearly equal to the value of the absorption coefficient at
(5.8,0,0), at least to within 10%. Y

A similar analysis can be carried out for the the
Faraday cup measurement. The current density peaks I = Jo jjfy(y) fz(z) dy dz. (5)
in the center and has a radial dependence up to the

aperture, which can be approximated by separate Performing the integrals by determining the areas
y- and z-dependences. The z-dependence is seen in under the curves yields a value for J. of 50 A/cm 2 for a
Fig. 5, and the current density is relatively constant in measured current of 1.3 kA. Coupled with the Monte
the y-direction over the 3.5-cm aperture. By expressing Carlo calculation for energy deposited into 2 amagats
the current density, J(y,z), in the form of argon, this leads to the value of 780 kW/cm 3 as the

peak pump power at (5.8,0,0). This is somewhat larger
J(y,z) = Jo fy(y) fz(z) (4) than the value obtained from the RK measurement,

and it is clear that more effort must be expended into
where fy(y) and fz) describe the distribution of the determining the accuracy of the techniques on a better
current density in the y- and z-directions and Jo is the calibrated instrument.

Pumping 2 amagats of argon with a 50 A/cm 2

e-beam produced a peak absorption of 4.3 1;L .n. Prior
to these measurements, the value of the absorption

1.2 .cross section at 248 nm for Ar 2 * given in the KrF
kinetics code 9 was 1 x 10-17 cm 2 and the radiative

1 lifetime was given as 3.0 gts (triplet state).10 However,
the code over-predicted the absorption by a factor of 5,

0.8 and it was clear that the absorption cross section
needed to be reduced and that electron and possibly

f(z) 0.6 rare gas mixing of the dimer singlet and triplet states
(the triplet state is lower in energy than the singlet,

0.4 and the singlet state has a radiative lifetime11 of 4 ns)
was reducing the effective lifetime of the dimer

:a Aperture Ifdca
0.2 absorber. A measurement of the decay time of the

absorption ('d = 230 ns) provided an effective Ar 2 *
0 . . . . . . .. . . .. . . . . . .. . . . . decay rate of 4.4 x 106 s - 1  to be used in the code . In

-6 -4 -2 0 2 4 6 order to bring code calculations into agreement with
Distance, z (cm) the data, the Ar 2 * absorption cross section was reduced

to 1.8 x 10-18 cm2 . These changes did not have any
FIG. 12. Absorption coefficient distribution function versus significant effect on the predicted absorption of an
position along the probe beam direction, assuming that a varies as e-beam pumped KrF mix.
the pump power to the 0.8 power, and taking Fig. 5 as the Incorporating these changes into the code
z dependence of the pump power. The absorption coefficient is resulted in the temporal dependence of the absorption
equal to a. times f(z), where a. is the value of the absorption given in Fig. 9. Figure 13 depicts a breakdown of the
coefficient at z = 0. absorption into contributions by the major absorbers.
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d[Ar 2 +]
d[r dt = k3

i [ArJ2 [Ar+J - Otdr 1e [Ar 2 +J (7)

4 2 amagats Ar
600 kW/cm 3  d[Ar**] [Ar**i

tto 
a l 

= 
d r  n e [A r 2 + ] - J A r * *8

Absorption
(0/0Icm) Ard[r][r*2d[Ar* [**_yJ k3n [Ar]2 [Ar*] (9)dt - T 3n [J[ r]r

12

r d[Ar 2 *] [Ar 2 *]

200 400 600 800 -dt .= k3n [Ar]2 [Ar* - td
Time (ns)

where brackets denote particle densities, 5 and y are
FIG. 13. Kinetics code calculation of the temporal dependence of excitation rate coefficients of the ion and metastable
the absorption at 248 nm of 2 amagats the total absorptior and atom, respectively, in units of cm 2/A-s, J is the current

the dashed curves are the contributions by the major absorbers. At density, k3i and k3n are three-body formation rate

late times, Ar 2* is the main absorber, and the decay rate of the total constants for the dimer ion and the excited dimer, adr
absorption matches that of Ar2 *. is the dissociative recombination rate coefficient, ne is

the electron density and a, and 'd are the effective
lifetimes of the excited atom and molecule, including

The early time behavior is attributed to dimer ion the effects of quenching.
(Ar 2

+ ) and excited atom (Ar**) absorption, while at ' .,LLedly, this is not an exact treatment of the
late times, Ar 2 * is the main absorber. Since Ar 2 + and kin, 'ics, but it does allow us to gain insights into the
Ar 2 * are expected to have similar absorption spectral dependence of the absorption on pump power. Since
shapes and peak cross sections, an alternative to the absorption at the end of the e-beam pulse is mostly
bringing calculations into agreement with the data by the result of argon dimer absorption, we will consider
reducing the Ar 2 * absorption cross section ,.lone is to the effect of argon density on the dimer population.
reduce both the Ar 2 * and the Ar 2 + cross sections AL large argon densities, where the three-body
proportionately. formation rates are large compared to the inverse of

The dependence of the absorption coefficient on the e-beam pulse length, ions which are formed in
pump power is understood by considering the kinetics Eqn. (6) will quickly form dimer ions, which will in
of the system. The electron beam produces both excited turn rapidly form excited atoms. These will quickly
argon atoms and argon ions. The excitation rate is populate the metastable level, so that Eqn. (9) can
proportional to the argon ground state density and the effectively be rewritten
current density. The ions form dimer ions in
three-body collisions with neutrals, and the dimer ions d[Ar*]
dissociatively recombine with electrons to form Ar**. dt = (y+) J [Ar] - k3n [Ar]2 [Ar*] (9')

Electron and neutral mixing de-excite the Ar** atoms
to the metastable level (Ar*), and three-body collisions and, assuming a square pump pulse of duration TL
lead to the formation of the excited dimers, Ar 2 *. (200 ns), the Ar* and Ar2 * densities can be solved for
These processes can be simply described by the exactly.
following rate equations:

d[Ar*] [Ar*J = (Y+P3 J
dt = 1 J [Ar] - k3i [Ar] 2 [Ar+ ]  (6) k 3n [Ar] [1 - exp (k 3 n [Ar]2 t)] (11)

and

k3n [Ar]2 [1 -exp(- )I-] - [1 -exp (-k 3n [Ar]2 t)]

[Ar2*] = (Y+P) J [ArJ Td, { -___ _ 1 (12)

dk3 n [Ar]2 -d'

If k 3 n[ArI2 >> 1/T L and 1/Td' (that is, if the formation end of the e-beam pulse, the Ar 2 * density can be
rate of the dimer is much larger than either its loss approximated by the following expression.
rate or the inverse of the laser pulse width) then at the
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[Ar 2 *I = (y+P) J [Ar] Td' [I - exp (-Y% - -k3 [r As Conclions
Td' Absorption measurements have been performed

(13) on e-beam pumped argon and krypton under a variety
of pumping conditions. The pump power was varied by

Expanding the exponential in Eqn. (13) out to two terms changing the gas density and the current density
results in the following: entering the gas. Good agreement has been obtained

between experimental results and code calculations
after reducing the Ar 2 * absorption cross section and

[Ar2 *] -- (Y+[) J [Ar] TL (14) increasing the Ar 2* radiative decay rate in the kinetics
code. Following these changes, no effect was seen in

Thus, the dimer population, and hence the absorption, the predicted absorption of a KrF mix. This implies
at the end of the pulse is linear with argon and current that Ar 2* absorption does not contribute significantly to
density. At 1 amagat, k3 n[Ar] 2 = 1.4 x 107 s "1 for the total absorption in a KrF mix. Two methods of
k 3 n = 2 x 10-32 cm 6 /s, I/TL = 5 x 106 s-1 and measuring the energy deposited in the gas by the
I/Td , = 2 x 106 s-1. As the argon density increases, the electron beam were compared, and agreed to within
effective lifetime of the dimer decreases, so that 20%.

' < TL, and the dependence of dimer density on pump
power will be less than linear. Acknowledgements
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GENERATION OF 400 FS PULSE IN KRF LASER AMPLIFIER
WITH UV SATURABLE ABSORBER
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Abstract

Optical pulse compression and ASE free amplification in UV saturable absorber(acridine) and
KrF amplifier arrangements have been demonstrated. The DOUBLE SATURABLE ABSORBER was used
to obtain fast and stable pulse shaping. We have obtained a 400fs pulse from a lops pulse
with the output energy of 20mJ including less than 0.1% ASE fraction. The frequency
chirping due to self phase modulation can not be observed.

1.Introduction

Generation of a high power and ultra-short pulse with an excimer laser system have been
intensively pursued by many groups. In recent work, S.Szatmari et al. have obtained a

45fs"- laser pulse after the prism pulse compressor using with an advanced DFDL. S.Watanabe
et al. have generated a multi-terawatt uv pulse with a large aperture electron beam pumped
amplifier 2'.

In such multi-staged systems, an ultra-short optical pulse generated in former stages
is degraded during amplification by the ASE (Amplified Spontaneous Emission)

3 1. The ASE
generated in the front-end part shows small beam divergence which is much the same as that
of a laser beam so that the ASE can not be rejected with a spatial filter. Furthermore
saturation energy for ASE Es(ASE) is much higher than that for laser pulse Es(laser)
because ASE should be amplified in steady state condition. When input pulse width much
shorter than effective lifetime of gain medium the ratio of saturation energy
Es(ASE)/Es(laser) corresponds to the ratio of (?ump time)/(effective gain lifetime). In a
typical discharge type laser (assuming the pump pulse width of 30ns, the effective life-ime
of l.Sns and the small signal gain length product goL=8), saturation energy for ASE of
40mJ/cm2 is 20 times higher than that for gain. So ASE energy will easily excess laser
energy when we have double pass amplification even if the initial laser to ASE contrast
ratio is 100.

In addition to ASE problem, non-linear optical phenomena (the multi-photon absorption and
optical Kerr effect) and optical dispersion which can not be rejected as long as the
transparent optics are used broaden laser pulse width and spectrum. These phenomena is
considered to be a function of inverse square of pulse width or more sensitive, as a
result, an high power and ultra-short pulse having less than ips width is drastically
modulated and is broadened in the optical system.

The real problems we have identified here are due to basic physics and not to practical
limitation, therefor it is certain that these problems will be critical as the increase of
total gain and/or number of optical component to increase output power.

The conventional and inessential methods3 ) widely used to address these prob!ms are the
operation in the small signal gain region or the weak saturated region and the use of large
aperture optics to decrease intensity to optical components. These methods can not only
solve the problems but also they make system complex and are inefficient for the energy
extraction.

The absorber-amplifier arrangement is a convenient method for ASE free amplification. A
saturable absorber having short recovery time compared with the effective gain lifetime
shows unequal saturation property between laser and ASE as the similar manner for gain
saturation mentioned above. Therefor the absorber can select only a laser pulse due to high
saturation energy for ASE. If the saturable absorber has small signal absorption which Is
equal to small signal gain of a following amplifier, the total gain of the absorber
amplifier arrangement for ASE is kept unity so ideal ASE free amplification will easily be
realized. Moreover, a laser pulse after passing through a saturable absorber changes its
shape and has a fast rise time. This change of pulse shape is suitable for pulse
compression in a saturated amplifier. This effect permits that a input pulse has moderate
long duration compared with the desired output pulse width as a result the optical
broadening can be relaxed. In dye laser systems, Y.Taira et al. have demonstrated pulse
compression from 15ps to 0.8ps with two stage arrangement of DODCI/Rh6G4') however the
pulse shortening in the KrF amplifier has never been demonstrated for the lack of an
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ettective saturable absorber.

In this paper, we have demonstrated the pulse compression and the ASE free amplification
in a simple KrF system using with the DOUBLE absorber-amplifier arrangement. After two
stage of absorber-amplifier arrangement, the pulse width of 400fs have been obtained with
good stability.

2.Pulse shaping with DOUBLE saturable absorbers

It is well known that when input pulse width is much less than the effective lifetime of
gain medium, namely storage type amplification, temporal and dynamic gain saturation cause
pulse distortion. The pulse deformation in the saturated amplifier strongly depends on
slope of leading part of input pulse. In order to obtain strong pulse sharpening the
leading edge of the input pulse must have a rise time substantially shorter than the
desired output pulse length. Using with saturable absorber one can reduce rise time on the
leao.ng edge, however, the conventional "SINGLE" absorber-amplifier arrangement has
practical trade off between the pulse shortening and the stability as the follows. The
change of absorption-length product of saturable absorber A a L is a function of absorbed
energy Eabs normalized with absorption saturation energy Es as,

A a L= a A (nL)

= a • Eabs/hL

= Eabs/Es (I).

Where u and nL are absorption cross-section and total number of molecule along optical
axis, respectively. If we assume that absorber is optically thick and its transmittance Tl
is much less than unity during bleaching i.e. Tl(t) << 1 then the absorption saturation
rate da L/dt can be denoted with input intensity I(t) instead of absorption energy Eabs,

da L = I(t)/Es (2).
dt

In a theoretical point of view, the desired rise time can be obtained by increase of the
input intensity for a saturable absorber. In practice, however, since input pulse has
finite rise time the increase of input intensity (or the decrease of saturation energy)
only hasten a breaching point far from the peak of a input pulse as shown in Fig.l (a). In
this situation, the bleaching will be caused by the optical noise (very smallo pre-pulses,
ASE or ringing) on the former part. As it is, bleaching speed and timing are determined

Independently of a input pulse and have fatal instability. Consequently, the compression
ratio of a SINGLE absorber-amplifier arrangement is practically limited within a few times
and strongly depends on the signal to noise ratio.

The main issue that we have identified is how to get high speed bleaching by the peak of
a pulse. In order to address this issue we have used a stacked saturable absorber which
was made of two absorbers having different saturation energy as shown in Fig.l(b). The pre-
absorber which has high saturation energy absorbs the first half and the following main

Es Pre-absorber Main Absorber

(a)Esp > Esm (b)

Pre-absorber Main Absorber
Input Intensity (Slow bleaching) (Fast bleacing)
Increase

t t
Fig.l Pulse shaping with (a)SINGLE and (b) DOUBLE saturable absorbers.
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absorber sharp cuts the leading edge with low saturation energy. The pre-absorber and the
main absorber determine TRIGGER LEVEL and TRIGGER SPEED respectively and the former Is
insensitive to the optical noise so that system is kept stable.

3.Experimental setup and result

The experimental setup is shown in Fig.2. We have employed a short cavity dye laser
(Lambda physik FL-4000T type modified) as a seed pulse generator at 497nm. C102 and C307
laser dyes were alternatively arranged in the amplifier chain in order to prevent ASE
growth at peak gain wavelength for each dye. Also we have applied the double absorber and
amplifier technique to this dye laser. A pair of Schott glass filter 0G-530 2mm thickness
and lenses were inserted between 2nd and 3rd amplifier stages. The output pulse width of
10ps was quarter of typical value without absorbers as shown In Fig.3 (a) and (b). The
spectrum width of 0.05nm is twice of the transform limit if we assume that the pulse shape
was hyperbolic secant squared.

L a ser] I Laserl IS Amp']
497nm 248.5nm |

l Ops,l1OOPJ gnet L=5.9

1st 1st 2nd 2nd ~400fs

S.A. Amp. S.A. Amp. 2mJ

T 1  gnet L = 5 . 9  T2  gnet L = 8 . 4

-1.5ps,5mJ

Fig.2 Schematic diagram of femtosecond generator.

An output pulse from the dye laser was
frequency doubled with a R -BaB2 04 crystal 20pS
and was amplified by a discharge laser
(Lambda physik EMG-150) providing two FWHM
discharge modules as shown in Fig.4. The 9.2ps
pressure and the mixture ratio of gain
medium in these chambers were set to obtain
the maximum gain and the optimum timing (a)
which Is suitable for effective pulse
shortening and highest output energy without
the consideration for the ASE suppression
(He/Kr/F 2 =2374/120/6 mbar). The smaller
chamber was used as a double pass amplifier
making a pre-amplifier and 1st stage
amplifier. The measured small signal net 34ps
gain was g.,.L=5.9 per pass. The large (b)
amplifier (g-..L=8.1) was used as a final
amplifier to obtain high output energy.
Methanol solution of acridine showing the
saturation energy of 1.2mJ/cm 2 and the ratio
of primary/excited absorption cross-section
of 6.3:1 was used as uv saturable absorber. Fig.3 Dye laser output (a) with double
Its recovery time of 0.4 ns Is sufficient absorbers and (b) without absorbers.
for the effective ASE filtering. The detail
of saturation characteristics of acridine,
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the solvent effects and Its ASE suppression have been reported elsewherea
-5 6 . The thickness

of solution was set at 0.5mm in order to prevent multi-photon absorption and the optical

Kerr effect. An evacuated spatial filter located before final amplifier was used to reject

backward ASE irradiation to the 2nd absorber and was unnecessary when the absorber and the

amplifier was spaced a few meter away.

Input

S.A. 1 J(
Cel 1Cell 2] S.A. 2

Output
EMG-150

S..F.
S. F. Spatial Filter

S.A. :Saturable Absorber

Vacuum Cell

Fig.4 Absorber and amplifier arrangement.

The output pulse width was measured with 3.0
the auto-correlation method by the means of
three photon fluorescence of XeF C-A
transition7'. The output pulse from final
amplifier was separated into two beams and
was focused with a f=500mm CaF. lens into a

small chamber filled wi th
Ar/Xe/F 2 =2.15/l.O0/0.85 atm. The two pulses
were collided precisely at focal point. An 2.0

image of fluorescence was magnified by a (A
reversely mounted camera lens (Nikon NIKKOR __

f=35mm F/2.8) and was monitored with a
silicon intensified target camera with a
multi-channel analyzer. The laser spectrum
was measured In 5th order diffraction of a

monochromator (NIKON G-500M ) with a linear- 1.0
image sensor (HAMAMATU $2304-256Q). 4)

We have measured output pulse width as a
function of small signal transmittance T,
and T2 for the first (between Ist and 2nd
path) and the second (between 2nd and 3rd
path) absorbers. The laser fluence on each 0
saturable absorber was approximately
lOOmJ/cm 2 which corresponds to 50 times
higher than its threshold. This intensity 100 10 - 4 10-8
was determined by the threshold of the self
beam trapping due to the optical Kerr effect Small Signal Transmittance T1
in the solution. The result when the SINGLE
absorber-amplifier arrangement was used and
T.=1, is shown in Fig.5. Output pulse width Fig.5 Pulse shortening with ist stage pulse
decreased with T. up to 10 -  and the compressor.
shortest achievable pulse width was 1.5ps.
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Double saturable absorbers were realized by a two absorbers under different input
intensity each other. In the following measurements, a pair of fused silica cells filled
with acridine solution located before focal point of telescope were used as the double
absorbers as shown in ir. 6 instead of the single absorber. The pre-absorber and the main
absorber are employed aroirid 5 times and 50 times above their threshold, respectively.

Acridine in Methanol
Es=1,2(mJ/cm 2)

1"r=6.3

---- -- --- ------ 5 _ . . ..

Laser

------ ------ V acuum

Pre-Absorber

Main Absorber

Fig.6 Double saturable absorber for KrF band.

The comparison of the single and the " 51
double absorber is shown in Fig.7. With 0 :Single S.A. T--1
single absorber, the pulse width around
750fs was obtained at T 2 =0-

4 however 1.5 L :Double S.A. T1
fluctuation due to the hasty bleaching was
the range of more than factor of 2. In
contrast, when double saturable absorber was
used with the condition T 1 =T 2 =0

- 4 , the
pulse width of 400is was achieved with good
stability. Figure 8 shows auto-correlation C. 1.0
trace of an output pulse with this "
condition. The correlation with 450fs
corresponds to pulse width of 350 fs if we :
assume pulse shape of hyperbolic secant
squared. In the region of T2<10

-5 in Fig. 7. 0
absorption from the excited state of -- 0.5
acridine caused insufficient saturation of
the final amplifier as a result pulse width 0.
became longer. The output energy was 20mJ
Including less than 0.1% ASE energy which
was measured at a distance of 3m from the
final amplifier. The residual ASE was the
contribution from only a final amplifier. 0 2 4 C
The pulse width and frequency band product 100 10 - 2  10-
of a output pulse was 0.44. This value Is
near transform limited product if we assume Small Signal Transmittance T 2
that the output pulse shape is hyperbolic
secant squared and indicates that Fig.7 Comparison of SINGLE and DOUBLE
slgniflcant frequency chirping did not saturable absorber in output pulse width.
occur.
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Ou Tp=350 fs
S 10

5 450 fs

0

00U. 0
-2 -1 0 +1 +2

Time Delay (ps)

Fig.8 Auto correlation trace of an output pulse.

4.Conclusion

We have demonstrated generation of sub-picosecond pulses and ASE free amplification In
strongly saturated amplifiers. Double saturable absorber was used to obtain stable and fast
pulse shaping. A pulse was compressed by the factor of 25 with two stage of absorber-
amplifier arrangements. The output energy of 20mJ having less than 0.1% of ASE fraction was
obtained. The significant frequency chirping by the self phase modulation can not be
observed in a output pulse. This effective and useful pulse compression scheme can be
applied to other short pulse systems.

The authors would like to thank Y.Mizoguchi for his help in making pulse width
measurements.
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10 x 10 cm2 APERTURE 1 Hz REPETITION RATE
X-RAY PREIONIZED-DISCHARGE PUMPED KrF EXCIMER LASER

H. Mizoguchi, A. Endoh, J. Jethwa, and F. P. Schafer

Max-Planck-Institut fUr biophysikalische Chemie, Abteilung Laserphysik,
Postfach 28 41, D-3400 G6ttingen, Fed. Rep. Germany

Abstract 2. Experimental System

A 10 x 10 cm2 aperture X-ray preionized discharge- This wide aperture KrF amplifier system is shown
pumped KrF excimer amplifier for subpicosecond pulse in Fig. 1. The laser head is mounted on the top of a
amplification is demonstrated experimentally in the deionized water tank. Rod-edge rail-gap switch,
oscillator mode operation. A fast pulse-forming line pulse-forming line and peaking water capacitor are
(36 nF, 340 kV) together with a peaking capacitor situated inside the tank. The compact X-ray
(6 nF) switched with a rail-gap switch, and preionizer is mounted on the top of the laser head.
collimated X-ray preionization is employed to obtain The total height is about 250 cm and the foot-print
a wide and uniform discharge. The active cross is 140 cm x 80 cm. The device is supported by a water
section of the laser beam is about 10 x 8 cm2 and the and gas management system and a Marx-bank to enable
intense plateau region is about 10 x 5.5 cm2. The I Hz operation.
laser pulse energy exceeds 4.7 J in a 28 ns pulse
(FWHM). Figure 2 is a block diagram of the subpicosecond

wide aperture amplification system and each of these
1. Introduction elements will be described in the following sections

in detail. In these experiments we have used only the
Recently wide aperture excimer lasers have been parts sketched by solid lines. We will use parts

used as amplifiers in several high power short pulse shown by dashed lines for amplification experiments
generation systems.1 ,2 It is also known that the to realize precise synchronization together with
properties of KrF amplifiers are remarkably better other systems.
than that of XeCl amqlifiers in the short pulse
(subpicosecond) region. From the point of primary
requirements for a subpicosecond amplifier, uniform
gain, wide apprture, medium gain (-5 % • cm1), medium
gain window (-30 ns), medium repetition rate (-I Hz)
with KrF excimer is desirable.

Up to now most of the wide aperture (more than
10 x 10 cm2) KrF excimer lasers have used E-beam
excitation instead of discharge excitation because of
scalability and high homogeneity. However, dischargeexcitation has some significant advantages, namely U/

high repetition rate, compactness, easy maintenance
and ease of operation. The discharge pumping power is
limited by the laser head inductance, therefore the

scalability of discharge-pumped excimer lasers islimited. Especially in the case of discharge-pumped

KrF excimer lasers, the requirement of pumping power
for operation is higher than that of XeCl excimer
lasers. Hence the discharge-pumped wide aperture KrF
excimer laser is more difficult to realize than the
XeCl excimer laser. As far as we know a 10 x 10 cm

2

full aperture discharge-excited KrF excimer laser has
not been achieved as yet.

Our group has already developed a 6 x 5 cm2

discharge-excited excimer laser.4 We have now realized
a 10 x 8 cm2 active aperture discharge-pumped KrF
excimer laser for a subpicosecond pulse amplifier. We
employed a fast pulse-forming line together with a
peaking capacitor switched with a rail-gap switch and
used collimated X-ray preionization to realize the
wide aperture discharge. We report here the
experimental results of this device in the oscillator
mode operation.

Present Address
+ Komatsu Ltd., Manda 1200, Hiratsuka-shi, Fig. I X-ray preionized KrF laser

Kanagawa 254, Japan
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Fig. 2 System block diagram of laser device.
Solid line: Oscillator mode experiments

Dashed line: Amplifier mode experiments

(scheduled) Fig. 3 Schematic of laser, pulsed power,

and X-ray preionizer

3. Pulsed Power 4. X-Ray Preionizer

The laser schematic is shown in Fig. 3. The double The X-ray preionizer schematic is also shown in
parallel-plate PFL for the main discharge (0.4 , Fig. 3. The basic design of this tube originated from

36 nF) and water-capacitor for the X-ray gun (8 nF) reference.7 The X-ray tube is made from 5 mm thick
are negatively pulse-charged simultaneously by a Marx aluminum tube of 150 mm diameter. It uses a
generator through an inductive charge distributor, transmission geometry with a Ta foil anode and

With this single primary energy storage design, we 2 x 40 cm carbon-felt cold-cathode. The cathode is
realize a very simple and compact laser system. held by three parallel high voltage feed-throughs and

the distance between the cathode and the anode is
The primary energy storage source is a 5-stage 1I. mm. The tube is connected to the secondary energy

Marx generator with a maximum repetition rate of 1 Hz storage water capacitor (8 nF) which is charged by
with SF6 gas isolation, it consists of five 300 nF the Marx generator through the inductive voltage
capacitors and each capacitor can be dc-charged up to distributor described in section 3 and switched by a
75 kV. After charging, the X-ray gun is triggered by rail-gap switch. For 300 kV water-capacitor
a multichannel rail-gap switch s and the discharge switching, we use 4.0 bar N gas, the number of
region in the laser head is thus preionized by the channels is again 4 - 5, disdance between edge and
collimated X-ray emission. After approximately 100 ns rod is 23 mm and the jitter of the rail-gap switch is
from firing the X-ray gun, a second rail-gap switch less than 20 ns. The typical X-ray dose with the

for the main discharge is triggered. The charge water capacitor charged to 300 kV is about 1 R at the
stored in the PFL is transferred to a peaking water top of the laser head which is situated 16 cm away
capacitor (6 nF). The main laser discharge now starts from the X-ray gun anode.
in the preionized region. The timing betweLn the two

rail-gap switches can be changed with the operational
pressure of the switches and inductance ratio of the 5. Laser Head
inductive charge distributor.

The cross section of the laser head is shown in
In the oscillator mode experiments, precise Fig. 4. The housing is made of 5 mm thick PVDF and an

synchronization is not necessary, so we operate the outer layer of 30 mm thick glass-fiber-enforced
rail-gap switches in the self-breakdown mode using epoxy. The anode is a 1 mm thick aluminum plate
edge-rod geometry electrodes. For 340 kV PFL spot-welded onto a frame to avoid X-ray absorption in
switching, we use 3.7 bar N2 gas. The number of spark the anode. The cathode is made of solid brass with
channels is 4 - 5, the distance between edge and rod nickel coating. Both electrodes have the modified
is 30 mm and the jitter of the rail-gap switch is Chang profile. The effective length of the electrodes
less than 20 ns. Laser trigger6 is preferred to reduce is 50 cm and the central distance between them is
the jitter for amplification experiments as shown in 10 cm. The active region width is determined by
Fig. 2 with dashed line. collimating the X-ray emission with two lead

apertures.
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c.uode between these two methods arises from the different
threshold behavior of the two methods.

W,60 The temporal profiles of (a) the X-ray
preionization, (b) the laser head voltage, (c) the
discharge current, and (d) the laser emission are
shown in Fig. 6 at 250 kV Marx output. The X-ray

I,, emission was measured by a PIN diode (UDT pin 10)
0 protected with a thin aluminum foil from visible

\ o,,light. The voltage was measured by combination of a
i 80 CuSO -solution voltage divider and a resistor voltage

>divier.8 The current wave form was measured by a
___ current-viewing resistor of 0.0025 0 (T&M Research

.. .. .Products Model No. W2K4-6.5S-0025). The optical
output was measured by a vacuum photodiode (Hamamatsu
R1193U-01). All signals were recorded on a 6 GHz

Anode. digitizing oscilloscope (Tektronix 7250) in a
shielded cabin.

Cathode

.. : n.-.doo (a) (b)

Fig. 4 Cross section of laser head
and collimated ^-C,- preionization

The windows are made of CaF2 with a diameter of
14 cm and 15 mm thickness. The rear mirror is a -
dielectric total refle,"tion mirror. For the front
mirror we use the reflection from the front window
and the additional reflection from one uncoated
suprasil plate.

The laser gas and the rail-gap gas are circulated
through heat 2xchangers and filters by the water and 65 lmm
gas management system to facilitate I Hz repetition 55m
rate operation. 55m

6. Results and Discussion

The laser was operated with a gas mixture of (C)
4 mbar F2, 160 mbar Kr, and 4000-4500 mbar Ne. The
outrut voltage of the Marx-bank is between 150 and
300 kV. In case of 275 kV Marx output, the stored
enrrgy in the PFL is about 2.0 kJ at 337 kV and in
the X-ray storage capacitor it is about 0.36 kJ at
300 kV, repectively. Typical charging time of the PFL E
is about 800 ns. E

The output energy was measured by a pyroelectric CD
detector (Gentec ED-500). The maximum obtained laser -

energy was 4.7 J/pulse at a total pressure of
4500 mbar and 275 kV Marx output.

The photographs shown in Fig. 5a,b are the
fluorescence image on a scaled white paper. These two
pictures were taken with open shutter and different
F-number aperture. The scaled paper was kept 40 cm
away from the output window. Figure 5a shows that the
cross section of laser output is about 10 cm x 8 cm.
Figure 5b with less exposure shows that the intense
plateau region is about 10 cm x 5.5 cm. The beam Fig. 5 Observations of laser beam (a) photograph of fluorescence image on

profile shown in Fig. 5c was taken by using scaled white paper, (b) smaller aperture of photo lens than (a), (c) beam

thermo-sensitive paper. There the image shows a beam image on thermo-sensitive paper. in case of laser gas total pressure 4 bar,

cross section of about 10 cm x 6.5 cm and an intense ti gas pressure in main rail-gap-switch 3 bar and in X-ray rail-gap-switch

plateau of about 10 cm x 5.5 cm. The difference 3.5 bar, and output voltage of Marx-bank 250 kW.
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The temporal profile of the X-ray emission 7. Conclusion
measured by a PIN diode covered with an aluminum foil
is shown in Fig. 6a. The pulse width is 80 ns (FWHM) In conclusion, we have demonstrated a reasonable
with rise time about 20 ns (10-gO %). The X-ray uniformity of intensity over the cross section of a
preionization starts about 120 ns earlier than the discharge-pumped KrF laser using a fast pulse-forming
main discharge. The voltage waveform in Fig. 6b shows line together with a peaking capacitor switched with
a fast ringing caused by the peaking capacitor and a rail-gap switch and collimated X-ray preionization.
the inductance of the laser head. The inductance of The active cross section of the laser beam is about
the laser head calculated from the ringing period of 10 x 8 cm2 and the intense plateau region is about
86 ns and peaking capacitance (6 nF) is about 33 nH 10 x 5.5 cm2. The laser pulse energy exceeds 4.7 J in
including the laser head and peaking capacitor a 28 ns pulse (FWHM). Finally we show the overview of
itself. The breakdown voltage on the laser head is the data of this system in Table 1.
175 kV. The current waveform (c) shows three peaks.
However, the discharge voltage is terminated after We are preparing I Hz operation experiments and
the second peak. So the effective pumping is obtained soon we shall use this laser device as an amplifier
only at the first current peak (-100 kA) transiently, for subpicosecond pulse amplification experiments.
The electrical pumping power at the first current
peak is about 6.3 GW (1.6 MW/cm3 ). The current rise
time (10-90 %) is 18 ns. The laser output (d) shows a 8. Acknowledgements
simple single peak waveform. The pulse width of the
laser is 28 ns (FWHM). The measured discharge with The authors are indebted to Dr. B. R~cz for his
high spatial uniformity and wide aperture is help and advice in the early stage of the
partially due to fast current rise time. The construction and also to Dr. M. Steyer for his
discharge width was observed to decrease with reduced suggestions for the basic design of the X-ray
current risetime. preionizer. One of us (H. Mizoguchi) acknowledges a
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Geometrical cross section 10 x 10 cm
2

Repetition rate I pps*

Laser energy 4.7 J (PFL 340 kV charging)
Pumping power 2 MW/cc (PFL 340 kV charging)

Small signal gain 3 %/cm**

Laser pulse width 28 ns (FWHM)

Laser Head
Active length 50 cm

Active cross section 10 x 8 cm
2 

(plateau 10 x 5.5 cm
2
)

Active volume 4 liters

Gas pressure 4 bar (F2 4 mbar, Kr 160 mbar, Ne rest)

Head inductance 33 nH

Breakdown voltage 175 kV

Sustaining voltage 50 kV

Sustaining current/impedance 150 kA/0.4 0 (PFL 340 kV)

Rail Gap Switch (main)

Switch voltage 170 - 340 kV

Working gas N/I - 5 bar (abs.)

Repetition rate I pps*
Trigger ArF laser (>10 mJ)*

Jitter tolerance <5 ns (self-breakdown mode 20 ns)

Water Capacitor (main) Pulse forming line/peaking capacitor
Capacitance 36 nF/6 nF

Transit time 48 ns/5 ns

Impedance 0.4 0/0.4 11

Preionization X-ray (cold cathode type)

Repetition rate I pps*
Operation voltage 5300 kV

Storage capacitor Water capacitor/8 nF

Switch Rail gap switch

Primary Energy Storage 5 stage Marx generator

Charging voltage 75 kV/stage
Stored energy 4.2 kJ/60 nF

Insulation SF, gas

Repetition rate 1 pps

Table 1. Overview of KrF Amplifier

* scheduled ** estimated value
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Abstract

XeF doped solid argon constitutes the first solid state exciplex laser in which lasing action over the B--X, C--A, and D---)X bands have
been demonstrated. The results of these studies are summarized. Generalization of principles to other members of the large family of
condensed phase exciplexes is considered. Ternary X:Rg:Rg' solids in which the diatomic exciplexes can be isolated, should all behave as
ideal four level lasers. The same is also expected for X:Rg binary solids in which the Rgj X- exciplexes form. However, experimental
studies detailed for the case of Kr 2F, indicate that transient adsorption losses may prevent lasing. The prospects of high temperature,
supercritical fluids or ultra high pressure solids, as broadly tunable sources is discussed.

1. Introduction

Research in the field of condensed phase excimer and exciplex lasers has a long history. The first successful excimer laser, Xe 2*, was
demonstrated by Basov and coworkers by electron beam pumping of liquid Xe. 1 This led to a frenzy of activity in excimer laser
development, which resulted in the well established science and technology of gas phase rare gas halide exciplex lasers.2 Research in the
development of electron beam pumped liquid phase lasers continues, and in addition to Xe 2* and Kr2*, XeO dissolved in liquid Ar has been
reported by Loree and coworkers.3 The prospects, and promises of solid state excimer lasers had been realized early on.4 However, while
tremendous insight has been obtained in the excitonic dynamics of rare gas crystals, and very large excited state number densities have been
achieved, the development of electron beam pumped solid state rare gas lasers have not lived up to their promise.5 Optical pumping schemes
of condensed phase systems have only recently been considered. In the liquid phase, efficient lasing was demonstrated on the XeF (B-+X)
band by optical pumping of solutions of F2 and Xe dissolved in liquid Ar.6 The first solid state, optically pumped exciplex lasers, were
most recently demonstrated at Irvine in the same system. 7,8 In addition to the XeF (B-X) transition, laser action was demonstrated on both
the XeF (C-- A) 7 and XeF (D---X) 8 transitions in free standing crystals of argon. In this paper I will first summarize the results of those
demonstrations, and consider the prospects and possible problems associated with the generalization of principles to the entire family of rare
gas halide exciplexes.

1I, Solid State XeF Laser

The pair interactions between halogen atoms, X and rare gas atoms, Rg, are well understood in isolation, in the gas phase.2 The ground
state potentials between X(2P3i, 2p,/2) and an Rg(ISo) atoms lead to the three surfaces, X (11/2) and A (Fly, FIlq), which are dominated
by dispersive interactions. Deep, Coulombically bound potentials arise from the interactions between Rg + (y P3 2 , P1/2) and X- (1So) ions,
namely the B (Zi/2), C (17I3/2) and D ( 11/2 ) surfaces. This general scheme, which is strictly valid for diatomic interactions, is illustrated in
figure 1, and an experimental emission spectrum is shown for XeF doped crystal argon. In the spectrum, the D-X, D-A, B-- X, and

Ije) (nm)

8. D -250 D--X

C
6 - B-350 D--A

5 - /-400 - B--X

4 -50

2 - A (1 /2) -50- C--Ai -',, . '-5507

0 (5i2) -600-

X (I,2)
-1 -650

Figure I: The lowest energy pair potentials for diatomic RgX are shown in the left panel (parameters for XeI are chosen since all six
potentials are visible on the same energy scale). The vertical tie lines indicate the strongest transitions between the ionic and covalent
manifolds. All of these transitions can be seen in XeF doped solid argon, as shown in the right hand panel.
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C-A bands of XeF, at 286, 360, 411 and 540 nm are clearly identified. With gated, delayed detection, the C--,X emission at 408nm, can
also be seen (not shown). Beside some minor matrix perturbations, the most obvious and general of which is a large spectral red shift, the
gas phase pair potentials are quite adequate for the interpretation of these spectra. The parentage of this solid state spectrum cannot be
mistaken, in the case of XeF the argon host acts as an inert dielectric medium. As such, all of the characteristics that make XeF an ideal gas
phase laser are to be expected to be preserved. Moreover, there are now several new attributes gained, that make the solid state exciplexes
particularly attractive for laser applications. Chief among these are the much higher number densities attainable in solids without introducing
any nonradiative decay channels for the exciplexic state. The packing density of solid argon is 3 X 1022 cm "3. Therefore even at a dilution
of 1:1000, which is sufficient for isolation of dopands, exciplex number densities nearly three orders of magnitude higher than those
obtained in standard gas phase lasers are possible. We have also verified, that at these number densities the B, C and D states relax strictly
by radiation. Moreover, when the D state is accessed directly, negligible population flows to the lower states by intersystem crossing.

XeF doped Ar crystals are grown in an insulating mold in contact with the cryotip, by deposition of an Xe:F 2:Ar premixed gas sample at
a backing pressure of -200 Tort. Molecular fluorine is subsequently photodissociated in situ, and the F atoms are allowed to migrate and
trap at Xe sites. The details of this process are the subject of both theoretical and experimental investigations, and are only now becoming
understood.9 ,10 For the present, suffice to note that F atoms are quite photomobile in the bulk of Ar, however, they trap at Xe sites due to
the XeF(X) potential which is much deeper than ArF(X). As a result, stoichiometric samples of XeF/Ar are possible to prepare, in the form
of optically clear free standing polycrystals.

The first laser demonstrations were performed by longitudinal pumping of such a crystal, along its 6mm thickness, through the dichroic
cavity mirrors. The flat cavity mirrors, were mounted inside the vacuum shroud of the cryostat. Laser action on both the B-*X and C-A
transitions were obtained when the crystal was pumped at 351 nm. Spectral collapse, temporal collapse, small signal amplification and gain
saturation measurements were conducted to characterize th, medium. Characterization of the D-*X transition was conducted in a similar
geometry, however in the absence of cavity mirrors. Tins system was therefore characterized by its superradiant spectral collapse. The
following conclusions were derived in those first demonstration studies:

* Ideal four level laser behavior.
* High gain: Gain, in excess of 100 cm"1, could be demonstrated on the B--)X and C-A bands, and 7 cm 1 demonstrated on the D--X

band.
* Broad tunability: the C-*A band was shown to be broadly tunable by observing small signal amplification of greater than 100% over a

70nm bandwidth in the green.
* High efficiency: optical quantum conversion efficiencies greater than 30% were realized.
* High energy density: extractable energies in excess of 50 KJ/L were established.
* High damage thresholds: optical pumping damage thresholds near 300 MW cm-2 were established.

None of these parameters should be regarded as optimized, in fact many of them have recently been surpassed in recent transverse pumping
geometries. As an example, a gain coefficient of ? 40 cm-t has been reached for XeF (D--X).II These demonstrations serve the purpose of
illustrating the potential of solid state exciplex lasers. Given the fact that XeF/Ar is but one of the large family of rare gas halides, the
generalization of principles becomes a very important issue.

In what follows, the known photodynamics of condensed phase rare gas halides, as they relate to laser applications, will be discussed.
An emphasis is placed on the possible sources of deviation from the ideal behavior exemplified above.

Figure 2: Emission spectra of XeF trapped in
Dsolid Ar and Kr are shown superposed. All of

2 nearly identical profiles, however, in all cases the
bands in Kr are red shifted relative to the bands
in Ar. The broad peak at 452 nm is assigned to

- Kr2F. The latter is the only emission in binary
SD F/Kr solids.

C-A
•n D-A-4

I)

C
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11. Photodynamics of Condensed Phase Rare Gas Halides

a) Ternary Solids

The most direct extrapolation of the XeF/Ar results, is the consideration of other X:Rg:Rg' ternary mixtures, in which the diatomic
exciplexes can be isolated. In fact by simply changing the host from Ar to Kr, the solid state XeF emission bands can be significantly
shifted. This is shown in figure 2, in which all of the diatomic emission bands can be seen to shift to longer wavelengths (by as much as
-30 nm for the C-+A band). The photodynamics of XeF/Kr is nearly identical to XeF/Ar and expected to be as ideal a laser candidate.

A rather different situation prevails in the case of F:Kr:Ar solids. As shown in figure 3, in such a solid the KrF (B---X) vibronic
progression is observed with a vibrational frequency and anharmonicity, within experimental error, identical to that of the gas phase KrF(B).
However, in the emission spectrum, a single broad band is observed, which can be identified as the (ArKr)+F- mixed triatomic exciplex.
The relaxation from KrF(B) to (ArKr)+F - has been determined to occur on a timescale of 20 fs < " < 500 fs. The latter relaxes radiatively
with a lifetime of 60 ns. This example clearly establishes the fact that not all diatomics can be isolated in condensed media, and the energetics
of mixed triatomics are not well enough established to predict with certainty which exciplexes can be isolated. The diatomic KrF can for
example be isolated in solid Ne. We note however, that the condensed phase triatomic exciplexes are themselves, at least in principle, ideal
laser candidates. The photodynamics of these species are best studied in binary solids.

37 38 39 40 250 300 350 400 450 500

Energy (1000 cm-1) Wavelength (nm)

Figure 3: Excitation (a) and emission (b) spectra from an F:Kr:Ar solid. The excitation spectrum shows the KrF (B +- X) vibronic
resonance with We' = 309 ± 10 cm -I and COeXe,' = 2.28 ± 0.8 cm- 1, which, within experimental error, are identical to those of KrF (B) in the
gas phase. The emission spectrum shows a single broad band assigned to (ArKr)+F- (see ref. 10).

b) Binary Solids

The charge transfer photodynamics of halogen atom doped solid xenon has been extensively studied in the past. 12 We have also
investigated the spectroscopy of solid Kr doped with all atomic halogens, and F doped solid Ar. In all cases, optical excitation near the
diatomic B+-X origin leads to a single broad band emission, which can be ascribed to the RgIX-(421) state. Spectra of the solid state Kr2X
(X = F, Cl, Br, 1) are shown in figure 4. The gas phase diatomic terminology, is inadequate for the description of the vertically accessed
charge transfer states in such solids. The molecular states should now be expanded in the symmetry group of the trap site (Oh for most
systems) and charge delocalization effects should be taken into consideration. It has for example been shown that the vertically accessed
charge transfer states in Xe correspond to a Rydberg progression of hole states, 13 while in Kr, the hole state are delocalized among nearest
neighbors only. 10 In all cases, however, these optically accessed states relax on a subpicosecond timescale to the most stable charge transfer
configuration, namely the localized molecular triatomic exciplex, RgIX-(4 2F), and the latter relaxes radiatively over a bound to strictly
repulsive transition. Thus, a four level laser description well represents the photodynamics of these lower states, see figure 5.

Among the many attractive features of these systems as laser media, are a) the broad emission bands over which continuous tunability
would be expected, b) the wide spectral coverage attained by the different X:Rg combinations. Tunability of a given Rg2X emission band by
density (or equivalently, pressure) is another attractive feature. Due to the large dipole of the exciplexic state, polarization of the dielectric
medium lowers the upper state. Another important consideration, is that under relatively moderate pressure, all rare gases become solids at
room temperature. These two considerations are summarized by the density dependent lineshift of Xe 2CI shown in figure 6. The data span
gas, fluid, liquid and solid phases, and the pressure ranges from 0.01 bar to 100 Kbar. The highest density results are for room temperature
solid xenon. It is impressive to note that in the range studied, the band maximum shifts by more than 1eV, while the band profile remains
nearly constant (fwhm = 2200 cm-l).

Despite these rather exciting possibilities, there has not yet been a successful demonstration of a condensed phase triatomic rare gas
halide laser. In our own attempts on several systems, both liquid and solid, we have identified possible sources of deviation from the ideal
behavior described above. These are discussed next.
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Figume4: Emission spectra of triatomnic exciplexes in Figure 5: Four level laser scheme, applicable to binary X/Rg
solid krypton, a)Kr2I, b) Kr 2B~r, c) Kr2Cl, d) Kr2F. solids. The pump transition is the Rg-X charge transfer

absorption. The interconversion from the Franck-Condon
accessed vertical states to the triatomic configuration proceeds on
a timescale shorter than 10- 12s. The triatomic exciplex relaxes
radiatively to the repulsive wall of the ground state. The dashed
arrow represents a possible reabsorption loss channel. The gray
and hatched blocks represent the diatomic and triatomic
ionic manifolds.
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g: Esi spectral shift of Xe2Ci emission as a function of Xe density. On the ordinate, the shift of the emission band maximum relative to
its zero pressure value of 479nm is plotted. Open circles= room temperature gas/fluid phase data spanning a pressure range of 50 Torr-150
atm, (see reference 14). Filled triangles = liquid phase data spanning a temperature range from 220K to 160K, (see ref. 15). Filled squares
= cryogenic solid spanning a temperature range of 160K - 12K. Open squares = room temperature ultra high pressure solid, P = 10 - 100
Kbar, (see reference 16).
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c) Liquid/Fluid Phase Dynamics

The photodynamics of rare gas halide exciplexes in liquid, or supercritical fluid rare gases, is not substantially altered from that of the
solid state behavior described above. The main difference is now the existence of translation degrees of freedom. In all studied cases to
date, the exciplexes are observed to relax by radiation in dilute solutions. The new non-radiative relaxation channel that is introduced in such
systems, is diffusion controlled collisions with the molecular halogen donors (e.g. molecular halogens). At high enough densities, and
dilutions, diffusion controlled encounter rates can be reduced such that within the radiative lifetime of the exciplexes this channel of
relaxation becomes insignificant. This has been demonstrated in several cases in our laboratory, XeF in liquid Ar, Xe2CII 5 and Xe 2Br 17 in
liquid Xe, and XeCl in supercritical Xe up to 150 atm, 14 are examples. In essence, in such systems the exciplexes can be isolated from each
other, and from the halogen donor within their radiative lifetime. Therefore, given laerge enough exciplex densities, these high temperature
media also qualify as efficient laser media. This point has already been well illustrated by the demonstration of the XeF laser in liquid Ar.6

The key issue now is the devise of efficient methods for the photogeneration of high densities of exciplexes, and two-photon pumping
schemes are the most profitable. A particularly efficient exciplex photogeneration scheme is that provided by coherent two-photon induced
intermolecular charge transfer transitions, which has been shown to lead to the efficient photogeneration of exciplexes in condensed phases.
This mechanism, which has been referred to as photo-induced harpooning, can be summarized as: 18

Rg + X2 + 2hv -4 [Rg+X2
"] -- Rg+X- +X.

As in all two-photon transitions, the cross section of this intermolecular absorption can also be enhanced by intermediate state resonances.
Moreover, the intermolecular charge transfer is usually followed by an efficient ejection of a neutral halogen out of the solvent cage, and at
least in Xe, the resulting exciplex is shielded from back reactions by clustering with the polarizable solvent. 19 In binary solutions, as in
binary solids, the diatomic exciplex interconverts to the lowest energy triatomic exciplex. Emission spectra of all the liquid phase xenon
halides has previously been published.20 Efforts in our laboratory in observing laser action in both liquid phase and supercritical xenon have
benn unsuccessful. Instead of gain, transient loss is observed when the solutions are pumped by gas phase excimer lasers. The exact origin
of the transient loss channel is subject to speculation at present.

d) Pump Probe Studies

Several possible sources of deviation from ideality exist in the photodynamics of condensed phase exciplexes. Of these, the two most
important are: transient absorption and scattering losses due to shock waves created by the release of kinetic energy upon radiative
dissociation of exciplexes. Both of these phenomena have been recently characterized in F doped solid Kr. The experimental geometry used
in those experiments is illustrated in figure 7. The pump beam, coincident with F/Kr charge transfer absorption at 275 nm, is overlapped in
the crystal with a probe beam coincident with the Kr2F emission at 453 nm. The transmission of the probe is then monitored as a function of
delay, and as a function of spatial displacement between the two beams. An example of such a measurement is provided in figure 7. Several
types of scattering processes are observed as illustrated in figure 8. The generation of acoustic waves is one that is most easily verified by
measuring the group velocity of the wave as a function of lateral displacement between pump and probe. Both ballistic and dispersive
phonon propagation is observed. Under pump powers exceeding 300 MW cm-2, permanent damage of the solid is also observed. While
these phenomena may limit the extractable power from such lasers; they are not critical to its operation, since acoustic waves are temporally
delayed from the time origin of the pump pulse. A prompt loss of probe transmission, the loss peak at t= o in figure 8, is more serious.

u'P(m p '-100-
: .NO

0

PD F
__ _ _ _ _ _ _ _ _ _ _ _ _40 -A-----

-50 150 350 550 75t0
Delay Time (ns)

[iw : Experimental setup used in pump/probe studies. Eigwtla: Transmission of the probe beam as a function of delay
The probe transmission is measured with a fast photodiode between pump and probe for an F/Kr free standing crystal. Neg-
(PD), after passing through an iris (I) and a filter (F) used ative time corresponds to probe preceding the pump. At t = 0,
to block the pump beam. Transmission as a function of -15% attenuation is observed and attributed to optical reabsorp-
temporal and spatial overlap between the two beams is measured. tion by the exciplex (Kr2F). The main loss at ~-200ns, is due to

scattering by acoustic waves. The relaxation of this wave is dif-
fusive, and does not reach the baseline even after 750ns. A long
longer lived relaxation (~2ps) is attributed to annealing of defects.
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The latter is taken to be due to an optical process, namely a transient absorption by the exciplex itself. This same system has also been
studied in the gas phase, and the transient absorption there is attributed to the 9 2 F +- 4 2F transition of the triatomic. 2 1 The same absorption
could also be operative in condensed media. Despite transient absorptions, several triatomic exciplexes have been made to lase in the gas
phase. 2 However, we have failed to observe any stimulated emission in this system. In principle, the ionic manifold of the rare gas halide
exciplexes could coalese in the dense media, such that the entire emission band is strongly reabsorbed. Whether this happens, and the
generality of such absorptions in the different rare gas halides is not yet established. Our failure to observe spectral narrowing in several
investigated systems -- Xe2CI, Xe 2Br, Kr2F, Ar2F -- would indicate that such an optical loss channel may be at work. An understanding of
the spectroscopy of the upper ionic states of rare gas halides, seems crucial to the effective development of this large family of lasers.

IV, Future Outlook

While difficult to predict all of the exciting directions that research in condensed phase exciplex lasers may assume, it is possible to
enumerate some of the most obvious, worthwhile directions of pursuit. Whether in diatomics, or triatomics, resorting to the lighter rare
gases and heavier halogens, could lead to the development of broadly tunable VUV-UV lasers. Resorting to high pressures, could lead to the
development of high temperature cQndensed phase exciplexes, either in the form of supercritical fluids, or as high pressure, high temperature
solids. Such systems e.g. room temperature solids would be truly, broadly tunable. Given the absence of pumping thresholds in these
cryogenic bound-free lasers, the broad band of emission, and the low group velocity dispersion of rare gas solids, applications in ultrafast
domains, either as lasers or amplifiers is an obvious target. For such developments to occur, a deeper understanding of both energetics and
dynamics in these systems has to evolve.
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Abstract

This paper reports on scaling experiments on an electron beam pumped XeF (C-- A) laser. Scaling from
an active mode volume of 0.02 liters to 0.5 liters resulted in an increase in output energy from -30 mJ to - 1J.
Intrinsic efficiency was 1.5% with an output energy density of - 2 J/liter. Details of the tuning characteristics and
spectral purity of the laser are reported.

Introduction

At
2 
Kr

2 X0o

The XeF (C-- A) laser is an Rare Gases D 0
efficient, tunable source of radiation
in the blue-green region of the Rare Gas Halides Ae ,CI ArF KII (F XOB, X.CI XeF(B -X) eF (C-A)
spectrum (See Figure 1). Efficient (Diatomics) I I I I I I I I

1m 175 M80222 248 282 308 31 463

operation of this laser system has ? C12 CIFft 12F IF

been demonstrated over a wide Halogens I II go gZl
range of electron beam excitation 258 284 292 343 3U 491

energy densities ranging from 250 Metal Halides PQ I , N 0Cd

kW/cm 3 to 12 MW/cm 3 [1-41. When 503 550 02 655

short pulse, high current density N82 F A,2 C, A,2F Kr2 F X. , %C X8 2F

electron beam excitation is used, Rare Gas-halides El
peak values of the small signal gain (Triatomics) 132 5 5 205±3o2g025" 430±350.- 5,5 .,

exceeds 3%/cm, which permits I . I I I I I i

efficient operation under injection 100 200 300 400 500 600 700

control. This leads to very narrow Wavelength (nm)

band, wavelength agile operation
across the entire 450 nm to 530 nm Figure 1. Spectral Characteristics of Excimer Transitions
band of operation for this device.
Over the range from 470 nm to 510
nm, an output energy exceeding 1
J/2 has been achieved.

Because the XeF (C--> A) laser operates in a gaseous medium, it is readily scalable to the high power and
energies which would be required for remote sensing, materials processing, optical communications and the
amplification of ultrashort pulses. This paper describes recent experiments on scaling of the XeF (C-- A) laser
from a relatively small active volume of -0.02 2 [51 to one of- 0.5 2. A unique numerical model developed to
aid in the design of the optical cavity for the scaled-up configuration is described, as well as re-optimization
procedures for the five component gas mixture for operation under much longer gain lengths than were used in
the small volume experiments.
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Experimental Annaratus

The XeF (C-- A) excimer laser was transversely
pumped with a short (10 ns FWHM) high energy (650 keV)

Oelectron beam with a current density of about 150 A/cm 2 .
Laser cross secion The electrons were emitted from a 50 cm x 2 cm carbon felt

Vacuum Gas cathode, and entered the laser cell through a 25 gim thick
Beam titanium foil as shown in Figure 2. The peak current

emitted from the cathode was about 80 kA. This electron
+ Optical beam generator was specifically designed for this application,

Axis and is capable of repetitive operation at up to 1 Hz. [6].
Carbon Felt 0.2 Tesla

Cathode Magnetic Field A 0.2 Tesla guiding magnetic field was used, and
Aluminum Coated resulted in a three-fold increase in the electron beam current

Titanium Foil delivered at the optical axis. The spatial distribution of the
012345 energy deposited into the gas was measured with a

Scale (cm) radiachromic chlorostyrene film [7]. An average of about
150 J/2 was deposited along the 50 cm long optical axis, with

Figure 2. Cross Section of e-Beam Pumped ± 15 % variations. In the transverse direction, the energy
Laser Cell varied with distance from the foil as would be expected from

scattering and energy absorption by the 6.5 atmosphere
argon gas mixture in the cell.

A contour plot of the spatial variation of the energy
15 Oa r deposition through a cross-section of the cell is shown inOpslea l resonalor

7k. diametr Figure 3. The deposition energy ranged from over 200 J/2
o10 near the foil to less than 100 J/2 at the back wall of the cell.

E Over the 3.5 cm diameter region which was defined by the
2 5, active laser cross-section, the energy deposition averaged

0- 1over the active volume was about 120 J/2. Measurements of
- "the transient pressure rise which followed an electron beampulse were consistent with the integrated radiachromic film
-10. 9measurements.

-15

The laser cell was constructed entirely of stainless
.0 5 11steel, with Viton and Teflon vacuum seals used throughout.

Dawnce from fail (mm) After exposure to air, the cell and all of its associated gas
handling system were passivated by.filling the system with 3
atmospheres of a 10% F2 in Argon gas mixture for a period

Figure 3 Contours of Energy Deposition Density of at least 24 hours.
within the e-Beam Pumped Cell

In order to prevent interaction between the fluorine in the gas mixture and the titanium pressure foil
through which the electrons entered the laser cell, the inside surface of the foil was coated with a 5 jm thick
layer of ion vapor deposited aluminum. This resulted in significantly increased gas lifetimes, and prevented the
formation of TiF4 powder which would otherwise deposit on the laser optics. The laser gas components were
delivered through an all stainless steel manifold to the laser cell were they were mixed by circulating through an
external loop at a rate of about I ,/min. An optimized five component gas mixture comprised of 12 Torr NF3, I
Torr F2, 12 Torr Xe and 750 Torr Kr, in sufficient Ar buffer gas to make a total pressure of 6.5 atmospheres
was used throughout these experiments.
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In the experiments reported here, the optical
cavity consisted of of a positive branch confocal
unstable resonator, as shown in Figure 4. The D D2
input mirror was a plano-concave lens, with the
concave surface (radius of curvature = RI) coated -

for maximum reflectivity form 465 to 505 nm, and
for greater than 80% transmission near the 350 nm
wavelength of the competing XeF (B--- X) 02

transition. A small 1.5 mm injection hole was D
centered on the mirror by masking during tie
coating process. Figure 4. Ustable Resonator Configuration

The output coupler was a double meniscus lens (with radii of curvature = R2, and -R2) with a large round
maximum reflectivity spot placed on the center of the convex surface. The distance between the two mirrors was

RI - R2 RI D2
adjusted to the confocal spacing of L - 2 . The magnification of the cavity M is given by M = - D1

the ratio of the outer diameter of the near-field output beam to the "hole" in its center.

A detailed numerical model was developed in order to provide guidance for the choice of the optical cavity
parameters [8]. Due to the nature of the XeF (C--> A) e-beam pumped laser (2-3 %/cm gain, gain lifetime
comparable to cavity photon lifetime, saturable absorbers) the analyses had to proceed in a somewhat unique
way. After properly unfolding the unstable resonator cavity, the model numerically integrates the growth of the
photon flux as it passes through the cavity.

The gain and/or absorption are computed using
experimentally derived values for the production of
both excited state XeF molecules, as well as broad-

band absorbers obtained from small signal gain and Input Mirror Output Coupler -

fluorescence data. In this way, optimum cavity MgF Window Aluminum Coated\ Bellows
magnification values could be obtained for both Titanium Foil Laser Gas

internal as well as external cavity optics.(See Figure
5.) Placing the cavity optics outside the laser cell
removes the mirrors from exposure to the corrosive
effects of the fluorine atmosphere within the cell, but AAIR Coated
results in slightly less output energies as a result of Window
losses associated with the cell windows, as well as the
added amount of unpumped volume within the Figure 5. Comparison of Internal and External
resonator. Resonator Schemes
ow M. 17 Results of the model calculations, as well

- M-2.3a
_ M-2.5_a experimental data obtained from the XeF

I M.3.o (C-- A)l laser itself are presented in
Figure 6. With sufficient injection intensity
(corresponding to 1-2 mJ of total injected

M=1.7, 56 cm internal cavity -0.70J energy) the laser under external cavity
M = 2.0, 75 cm external cavity- 0.50 J operation approaches that using internal optics.
M = 2.5, 90 cm external cavity - 0.25 J For the internal optics, the resonator had

Sl M = 3.0, 100 cm external cavity. a.16 j
a magnification of 1.7 and an output spot

0 10 10' diameter of 21 mm. The mirror spacing was
,niewn inensily fn, 56 cm. The optics were overcoated with

aluminum oxide for protection from the
Figure 6. Model Results Compared with Experimental Data fluorine environment.
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Several different magnification values were used with the external cavity, as shown in Figure 6. The cell
windows for the external configuration were AR-coated fused silica, tilted by 30 to prevent any unwanted cavity
effects resulting from them.

In most of the experiments reported here, the injection source was a dye laser pumped with a 60 ns FWHM
XeCI excimer laser, resulting in a 40 ns FWHM injection pulse. The linewidth of the output from the dye laser
was - 0.005 nm, except when a special intercavity etalon was used, in v, nich case the linewidth was reduced to
< 0.001 nm. The relatively long injection pulse allowed complete filling of the unstable resonator cavity before
the e-beam was fired, which resulted in quasi-CW injection. The injection intensity could be varied using neutral
density filters. The maximum energy which could be delivered to the unstable resonator injection aperture was
about 2 mJ (after taking into account losses due to turning mirrors, telescope and the delay line which is used to
prevent damage to the dye laser resulting from energy reflected from the injection aperture).

A computer controlled diagnostic O.M.A.
system was developed to extensively Spectrometer
characterize the performance of the XeF Excimer
(C---> A) laser on each shot. As shown in Pumped
Figure 7 the output beam from the laser Dye Laser
is directed to several sensors. A NDF
pyroelectric energy meter was used as a NDF NDF Electron-Beam
primary measurement of the total output Generator
from the device. A vacuum photodiode Iris Lens PD2
(with < 1 ns resolution) was used to obtain .0- 50 cm ---
the temporal profile of the output pulse, Delay line
while an optical multichannel analyzer In [ectio
(OMA) monitored the spectral
characteristics. The performance of the Telescope beam
electron beam generator was monitored Laser cell 0 Pressure Energy
with current and voltage monitors, while Transducer Meter

a pressure transducer monitored the shot-
to-shot energy deposition within the cell. Figure 7. Diagram of the Experimental Layout

Exnerimental Results

As shown in Figure 3, the energy deposition within the laser cell varied significantly from front to back.
Because of this, it was possible to measure the variation of XeF (C--) A) small signal gain as a function of energy
deposition by changing the position of the gain probe beam as it passed through the cell.

Figure 8 shows the results of this study. As can be
4- 4seen, the gain increases almost linearly with deposition

E -A energy density up to 200 J/2 . Previous measurements on the
• 3 small scale laser indicated the onset of gain saturation for a

deposition energy density ot about 80 J 1, with a peak in the
2 intrinsic efficiency occuring at about 90 J /2 [5]. The

a. ai interpretation of the earlier results however was complicated

1. by very non-uniform electron beam pumping (no magnetic
guide field was being used then) For the results obtained

06 2 here, under much better controlled conditions, it appears that
80 16)0 Ilk 1410 6 180 200 220 further increases in gain (and hence laser output energy)

Energy deposition (J/A) could be achieved with even greater pumping intensities.

Figure 8. Gain as a Function of Energy Deposition
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800

Figure 9 shows the variation of the output
energy from the XeF (C-- A) laser as a function of
average energy deposited in the laser cell. The - 600 -
deposition energy was varied by adjusting the E
charging voltage of the Marx bank in the e-beam >
generator between 65 kV and 95 kV. Again, a o
nearly linear dependence is observed with no c 400 -
apparent indication of saturation up to the maximum =5
average deposition of 125 J/,e. Using an internal (
resonator with a magnification of 1.7 and an 200
optimized five-component gas mixture [91, and an
injection intensity of about 3 MW/cm 2 (- 2 mJ),
laser output energies as high as 0.92 J have been
achieved at 490 nx, near the peak of the XeF (C-) 0 . . .
A) gain spectrum. This corresponds to an energy 70 80 90 100 110 120 130
density of about 1.85 J / and an intrinsic efficiency Spatially averaged energy deposition (J/ e)
of 1.5%.

Figure 9. Output Energy as a Function of Spatially
Averaged Energy Deposition

In order to investigate the spectral characteristics of the XeF (C-- A) laser, a set of wavelength tuning
experiments was performed. An unstable resonator with a magnification of 1.34 was chosen in order to obtain
good performance in the wings of the XeF (C-- A) laser spectrum. The somewhat reduced output coupling (as
compared with the M=2 optics) significantly enhanced the performance of the laser in the low-gain wings, while
not lowering the output in the central region too much. Three different sets of optics, with coating reflectivities
optimized for specific regions of the spectrum were used for these measurements. Four different Coumarin dyes
(460, 480, 503 and 521) were necessary in order to completely scan the tuning range of the XeF (C-4 A) laser.
The intensity injected into the unstable resonator cavity was adjusted to 2 MW/cm 2 , corresponding to about 1.5
mJ injected energy, so that the performance at different wavelengths for the XeF (C-4 A) laser could be
compared at the same injection intensity.

800 E -1.6

E E E E E IFigure 10 shows the output energy of
"-, 600 1.2 the XeF (C-* A) injection controlled laser as

;: a function of wavelength from 450 to 530
i, 0 nm, it wavelengths chosen not to coincide

with known narrowband atomic absorptions.

' The injected signal had a linewidth of 0.005
200 04 C nm and was held at a constant intensity of 20 MW/cm 2 . Also shown in Figure 9 are some

0 0. of the atomic resonance filter lines which
40 40 40 50 520 54 might be employed for optical

Wavelength (nm) communications purposes in the blue-green
[0 4W 1 53 Sj2, / region of the spectrum.

Inre*Wn laser dye

Figure 10. Spectral Characteristic of the Injection
Controlled XeF (C--) A) Laser
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When the XeF (C--) A) laser is operated in a 1000

"free running" mode - that is with no injection and
the signal allowed to build up from spontaneous 500
emission, it is found that a number of narrow-band off absorption "

absorption lines appear in the spectrum, resulting 479.0E 200 .

from excited atomic absorbers created by the > 200
electron beam excitation. The effect of these 2
absorbers can be significantly reduced by injection 12 100

control of the XeF (C-* A) laser. Because the
stimulated cross-section for the (C-4 A) transition is C 50
relatively small, it is possible to build up sufficient o / On absorption

intensity within the cavity to bleach or saturate these 20 81.5 nm

absorptions before the laser transition itself 2
saturates. This effect is evident in Figure 11, 1_
which depicts the output energy as a function of 10 1.. .2 3o . 4 10 5 10 6 107

injection intensity both on and off one of these 10 10 o 10i 10 10 106 107
narrow band absorptions. As can be seen, when the Injection intensity (W/cm 2 )
injection intensity is sufficiently large, the ratio Figure 11. Output Energy as a function of Injection
between the output on an absorption and off is
significantly reduced, showing saturation of the Intensity both On and Off a Narrow Band Absorption
absorbing species.

700-

,_ '0 To more fully take advantage of the ease of
600- tuning via injection control, a novel wavelength

E 'agile injection source was developed by the United" 500-
Technologies Research Center for use with this

c 400- laser [10]. By selecting the desired wavelength of
C interest by computer control of a dye laser cavity
4- 300- and galvometric mirror wavelength adjustment,

a exact wavelength control (to -0.01 nm) for a
3 20random sequence of wavelengths is possible. In

0 100o order to demonstrate this, a spectral region from
482 to 486.5 nm was scanned using v.1 nm steps.

0 .The results of this detailed investigation of the
482 483 484 485 486 output spectral characteristics of the injection

Wavelength (nm) controlled XeF (C-4 A) laser are shown in
Figure 12.

Figure 12. Detailed Wavelength Scan Using Agile
Injection Source

In order to measure the spectral bandwidth of
the injection controlled XeF (C-4 A) laser, an
intercavity etalon was installed in the dye laser which 1.5 GHz
narrowed its output to -0.001 nm FWHM. The output 0.001 ---
from the XeF (C-4 A) laser was focused onto an opal , L. aw
glass diffuser with a 50 cm focal length plano-convex
lens placed in front of an air-spaced plane-plane Injection laser
etalon with a finesse of 30 and a free spectral range of Injectio lase
9 GHz. The resulting circular interference pattern was
then imaged onto a CCD array, and the variation in
fringe intensity along one axis analyzed by computer
software. Figure 13 shows the analysis of both the
injection signal itself, as well as the output from the Amplified XeF(C-*A) output
XeF (C-4 A) laser. As can be seen the spectral purity Figure 13. Comparison of the linewidth of the
of the amplified signal very closely matches that of Injection Spectrum and that of the
the input. Amplified XeF (C-- A) Output
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Conclusions

The XeF (C--> A) laser has been successfully scaled from a 0.02 liter to a 0.5 liter active volume. A peak
output energy of 920 mJ, corresponding to an energy denisty of 1.85 J/2 at 1.5 % intrinsic efficiency has been
observed near the gain maximum. The laser has been tuned, using injection control, over a bandwidth extending
from 450 nm to 530 nm with several hundred mJ of output energy in a bandwidth of less than 0.001 nm. Using a
unique wavelength agile injection source, rapid tuning, under automated control has been demonstrated. Careful
measurements of both the small signal gain as well as output energy with e-beam deposition indicate that
improved performance can be expected from more intense excitation of the laser active medium.
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AbatrAct

We have fabricated and tested single shot the laser head and fast pulser for a high

energy, flow compatible, x-ray preionized XeCl laser. The pulsed power used to drive the

12x9x120 cm discharge utilizes a high efficiency spiker sustainer circuit with a magnetic

isolation switch. A single pulse output energy of 19 J at 2.2% efficiency and pulse length of

230 ns has been demonstrated, corresponding to an extracted energy density of 1.5 J/L.

INTRODUCTION

Following their conception there has been a continuing effort to improve the extracted

energy and efficiency of excimer lasers. Of the various excimers, XeCl has demonstrated the

best performance and has been the focus of extensive research. In particular preionized

discharge excitation schemes have received much attention because of their simplicity and

potential high efficiency. The aperture over which a uniform discharge can be generated has

increased dramatically since the introduction of x-ray preionization, enabling large scale

devices to be built. Preionized discharge XeCl lasers have achieved energies of 66 J per

pulse at efficiencies approaching 1%1 and typically operate at efficiencies of approximately
2% at substantially lower energy.

Novel discharge excitation schemes using spiker sustainer circuitry have improved the

efficiency of these lasers to approximately 4% at the 3-4 J level.
2 3  In this technique a

fast rising, high voltage pulse from the spiker circuit is used to break the gas down and the

separate, low impedance, Pulse Forming Network (PFN) supplies the majority of the pump energy.

This allows optimization of the PFN charge voltage to ideally twice the discharge self

sustaining voltage for maximum efficiency. Isolation between the spiker and sustainer

circuits can be achieved using a rail gap switch, two gap laser head or a saturable magnetic

switch. 5 The simplicity and high reliability of the magnetic isolator made it the preferred

choice for the system described here.

Recent development of these lasers has been directed towards achieving output power at the

kilowatt level. At this high average power close attention must be given to the pulse power

design to achieve efficient electrical pumping combined with long lifetime. Flow

considerations are also important to ensure the hot gases are removed from the discharge

region prior to the next pulse. This paper describes the proof-of-principal, single-shot

experiments for a flow-compatible, XeCl laser head and pulser designed for 20 J per pulse at

50 Hz repetition rate.

Figure 1 shows a cross section of the flow compatible laser head and discharge region.

The design of such a head must satisfy the conflicting requirements of minimizing flow

disturbance while maintaining a low inductance geometry to achieve the required high pump

power and fast electrical discharge characteristics. In addition, the large apertures

required for high energy lasers lead to inductive laser head geometries to prevent tracking at

the high voltages necessary for gas breakdown. The laser head was designed to satisfy these

conflicting demands using modeling tools developed for excimer and other gas discharge lasers.
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Figure 1. Cross Section of Flow Compatible XeCl Laser Head.

The laser head is divided into two volimes, one housing the high voltage feedthrough and

the other containing the discharge and flow region. A pressure balanced SF insulator system

eliminates mechanical stresses on the Kynar dielectric which separates the ?eedthrough region

from the high pressure laser gas. This configuration facilitates a low inductance design for

the electrical feeds. The materials used in the laser head that are in contact with the gas

mixture are limited to Kynar for the high voltage insulator and aluminum for the electrodes,

shell, and current returns to minimize any compatibility problems.

The discharge electrode profiles were designed following electric field analysis of the

discharge region using a finite element code TOPAZ, to minimize field enhancements while

maintaining the flow compatibility of the device. The high voltage electrode is recessed into

the dielectric to both more effectively shield the electrode - dielectric - gas interface and

to provide a smooth flow channel to minimize disturbances. A field shaping electrode was

positioned behind the high voltage electrode in the SF6 region to minimize the field

enhancement associated with the triple point and to distribute the equipotentials uniformly

across the dielectric.

The ground electrode was similarly profiled for field uniformity and flow compatibility.

Current return vanes hold this electrode in position 12 cm from the high voltage electrode,

while minimizing the head inductance and flow interference. A 9 x 120 cm portion of this

electrode was machined to a thickness of 4 mm to maximize transmission of x-rays from the

preionizer into the discharge region. The x-ray preionizer was housed in the dome behind the

low voltage electrode but isolated from the laser gas by a 3 mm thick aluminum tube, allowing

access for maintenance without disturbing the gas.

The preionizer used was a commercially availablc x-ray generator capable of operation up

to 50 Hz (Beta model #150-065). This unit has various operating modes which determine the

initial stored energy and the resulting x-ray pulse length, selected by changing the

capacitance of the unit. All of the experimental results presented in the next section were

taken with the preionizer operating at its longest pulse length (-500 ns) and maximum voltage

(-125 kV).

Figure 2 shows a schematic of the discharge pulser. Spark gap switches were used for the

proof-of-principal single shot experiments reported here. However, a pulsed power system for

a 1 kW XeCl laser has been designed which utilizes the major fast portions of the present

pulser, but substitutes thyratron gwitches for the spark gaps and includes magnetic pulse

compression in the spiker circuit. The PFN is a tr-plate structure fabricated from ceramic

capacitors ( TDK) and designed to have an impedance of 0.25 f and a pulse length of 250 ns.
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Fourteen rows of eighteen capacitors wide, stacked two in series were used for each side of

the double sided PFN. The pulse duration was extendable by simply adding more rows of
capacitors to the structure at the end opposite the laser. The individual capacitors were
recessed into an aluminum flux excluder plate to reduce the series inductance. The PFN was
pulse charged from a storage capacitor in approximately 3 /Ss.

SPARK
GAP

80kV
SPIKER
CHARGE
SUPPLY

CASPARK 360~Z- kV APP

SUPPLY CHARGIN
C H 5G - p PA 0 

IS O L A T IO N 8 n E L A E

Figure 2. Schematic Diagram of Spiker/Sustainer Pulsar with Magnetic Isolation Switch Used for

Single Pulse Tests.

The spiker circuit was made from ceramic capacitors arranged in a coaxial configuration

around a midplane spark gap switch to minimize its inductance. Eight 23 fl cables (RG-17/14)

were used to provide a low inductance connection to the laser to ensure a fast spiker

risetime. The spiker unit was "floated" to the PFN charge voltage to minimize the spiker

charging voltage.

When the spiker circuit iL triggered it delivers a fast rising voltage spike with respect

to the PFN charge voltage which, when timed appropriately with the preionization pulse, breaks

the gas down uniformly. A saturable magnetic switch isolates the spiker circuit from the low

impedance pulse forming network until the gas breaks down. Following breakdown the switch

saturates in the forward direction allowing current to flow from the PFN to the discharge.

The saturable switch was made from a race track ferrite approximately one meter wide. It

was fabricated from microwave ferrite material with a magneti core area of -.42 cm2 . The

voltage-time hold off for the switch was estimated at 4 x 10- V-sec. To minimize the spiker

charge voltage and the quantity of magnetic material required in the isolation switch, the

spiker pulse had the same polarity as the PFN charge voltage. Previous experience with a

lower energy, high efficiency XeCl laser at STI indicated no significant difference in device
performance when the same and opposite polarity spike voltages were used.

3

The timing sequence for laser operation was as follows. The PFN was pulse charged in 3 /Ss

from the storage capacitor and at the peak of its charge cycle the x-ray preionizer was

triggered to establish an initial, uniform electron density in the gas. Using a charge3
collection technique this density was estimated to be on the order of 108 electrons cm. At

a pre-determined time after the x-ray pulse, the spiker circuit was fired, rapidly increasing

the voltage across the laser head to rapidly avalanche the electron density to its final

value.

Timing between the x-ray and spiker pulses was found to be critical for optimum laser

performance. The timing had to be set within a window approximately 40 ns wide; outside this

window the laser performance rapidly degraded. Under optimum conditions the spiker was

initiated approximately 300 ns after the beginning of the x-ray preionization pulse, which had

a temporal profile 500 ns wide (FWHM) and risetime approaching 250 ns. The optimum timing

ccrresponded to the spiker pulse occurring close to the peak in x-ray emission, and thus
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discharge formation corresponds to the point of maximum preionization. Firing the spiker too

early resulted in non-uniform discharge formation and reduced output as a consequence of the

low level of preionization when the discharge was initiated. Firing the spiker too late or

not at all resulted in an x-ray switched discharge and poor laser performance.

During the initial experiments with the device the output energy was observed to peak at a

lower charge voltage than anticipated from scaling predictions. The maximum charge voltage

was limited by streamer formation in the gas, resulting in reduced output energy. This lower

charge voltage limited the stored energy on the PFN, necessitating the addition of more

capacitance to achieve the design energy. An extra four rows of capacitors were added to the

back of the tri-plate structure, increasing the nominal length of the PFN from 250 ns to 300

ns. Figure 3 shows the device waveforms for the laser driven by the 300 ns PFN for optimum

operating conditions. The output energy in this case was 19 J at an efficiency of 2.2% in a

230 ns (FWHM) pulse. The open shutter photo in the figure shows the discharge to be uniform

and arc free. Burn marks on Dupont Dylux paper and carbon paper were also very uniform

measuring 12 cm x 9 cm. The optical cavity which gave optimum performance consisted of a 100%

reflector with a 10 m radius of curvature and a flat 30% reflectivity output coupler.

• 1. ...... 'Discharge Voltage
20 kV/div

. ..... - Discharge Current

80 kA/div

Laser Intensity

--- -- .. .. .. .. ... .. A.-- ..-- -- -....

Figure 3. "A k-125 nsec

a) Temporal Shape of Voltage, b) Open Shutter Photograph of Arc Free

Current and Laser Pulses Discharge for 19 J Laser Pulse

Table 1 shows a summary of the laser performance as a function of gas mix. In general,

higher HCl concentration produced higher peak power but with shorter pulse duration; lower HC1

concentration resulted in lower peak power but longer pulses which terminated with the

discharge power pulse. The optimum HC1 concentration was 0.02%. Laser performance increased

with Neon buffer gas pressure up to the design limit of 5 atm. Varying Xe concentration

showed little effect on laser performance over the range of mixes used. Replacing the fused

silica laser windows, which had accumulated a deposit on the surface in contact with the laser

gas, made a substantial increase of 40% in laser output energy emphasizing the importance of

minimizing optical losses in these short wavelength lasers.

In conclusion, under signle shot conditions we have demonstrated uniform, arc free

discharges resulting in a laser energy of 19 J at greater than 2% efficiency with a XeCl laser

head designed for gas flow adequate for 50 Hz operation. Coupling this laser head and fast

PFN with the appropriate flow loop and power conditioning system should allow average XeCl

laser powers of 1 kW to be achieved.
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Table 1

SUMMARY OF XeCl LASER PERFORMANCE FOR
SEVERAL DIFFERENT PUMPING CONDITIONS

5 at Neon Buffer Cas

e .Pulse B

0.625 0.045 55 95 10 1 250 no PFN
0.5 0.03 49 155 12 1.4 250 no PFN
0.35 0.02 50 105 12.5 1.4 250 no PFN
0.2 0.02 48 210 13.5 1.7 250 ns PFN
0.3 0.02 45 210 13.5 1.4 300 ns PFN
0.22 0.015 44 220 12 1.4 300 ns PFN

New Windows

0.3 0.02 46 200 15 2.1 250 ns PFN

0.2 0.02 44 230 19 2.2 300 ns PFN
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ABSTRACT

The switchless discharge technique has been successfully applied to a 10 liter active
volume XeCl laser system by using X-rays as a photoionization source. A 8 J per pulse
output energy at A = 308 nm, uniformly distributed over a (7x10) cm2 near-field laser spot
size was achieved. The average output power was 45 W at 6 Hz repetition rate, actually
power-supply limited.

INTRODUCTION

Discharge excited gas lasers are usually operated through a gas preionization followed
by a fast, high voltage main discharge. Such a scheme implies the use of a low inductance,
fast switch between the energy storage system and the laser discharge electrodes.

The commonly used switch element is the hydrogen thyratron. Unfortunately, efficient
operation of high power gas lasers, e.g. excimers, require values of both rate of current
rise (_ 1012 A/si and transferred charge (- 10 mC) which limit the commercial thyratron
lifetime to : 101 discharges. The overpowered working conditions are even more heavy for
large volume (> 5 liters) systems. Magnetic switches and prepulse techniques 2 have been
proposed as possible solutions. However, their somehow stiff properties, the noticeable
circuital complexity and the further cost of manufacturing and maintenance added make these
techniques far from the ideal solution.

A new operation mode was recently proposed 3 to overcome this problem. In these
experiments, the laser head is directly connected to the storage capacitor and slowly
loaded up to the maximum voltage value V. allowed by the electrodes profile and by the gas
pressure and composition. A pulse of ionizing radiation is then injected into the gas
mixture, quickly creating the required electron-ion pair density to trigger a uniform
avalanche discharge.

Up to date, however, the use of the outlined "switchless" technique has been limited to
specially designed excimer lasers with a maximum active volume of about one liter. 4 In this
paper we report the results of a large active volume X-ray triggered XeCl discharge with a
conventional laser head design.

EXPERIMENTAL

Figure 1 shows the cross section of the XeCl excimer laser we used in this experiment.
A detailed description of the system is reported in Refs. 5-7 and only a brief account is
given here.

A double reflection diode is located in a vacuum chamber (on the left of Fig. 1). The
electron clouds generated by the plasma cathodes 5,8 are accelerated toward the high voltage
pulsed target anodes, wrapped with a high atomic number material (e.g. Pb, Ta). When the
electrons impinge the anodes, brehmsstrahlung X-ray emission occurs, in the direction of
the laser chamber. After passing through the 0.5 mm thick Al vacuum window (see Fig. 1),
the x-rays cross the 0.5 mm thick Al electrode, enter the laser discharge region and
preionize the laser gas mixture.

The performances of the preionizer system have been carefully measured using the
techniques reported in Refs. 5,7,8,9. The results are summarized in Table I.

The discharge electrodes are shaped with a Stappaerts profile'0 and no attempts were
made to improve the electric field uniformity and the static self-breakdown level of a
given mixture. As a matter of fact, this laser head bas been designed (and the laser system
operated as well) to work in the conventional preionization followed by a spark-gap
switched discharge mode.

6 ,7

A ENEA Student

** ENEA Guest. Permanent address: Institute of Optics and Fine Mechanics, Shanghai, China
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Fig. 1 - Vertical section of the X, discharge laser system used in the experiment. The
active medium dimensions are (l0xl0xl00) cm3. (From Ref. 7)

TABLE I - X-Ray preionizer source

Operation mode Double diode, pulsed, reflection geometry

Cathode type Surface plasma

Input energy (6+60) J

Max anode voltage V - L(dI/dt) = 70 kV

Repetition rate 10 Hz

X-ray pulse duration 300 ns FWHM

Dosage in the laser cell (30+34) mR/shot

Dosage uniformity 70%

Dosage drop anode-cathode 35%

Preionization electron density up to 6x10 8 cm-3 in 1 atm Ne
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The discharge energy was fed by a resonant charge, transfer type excitation circuit
with a primary and a secondary Maxwell capacitor bank of 1.2 pF and 0.64 pF capacitance
value, respectively.

RESULTS

A slowly raising voltage is applied to the discharge anode. After less than 1 ps, the
voltage approaches the VB value, and a pulse of X-rays from the preionizer is injected into
the gas mixture, as shown in Fig. 2. Here is actually reported the X-ray diode current
waveform. However, the risetime of the X-ray optical pulse and that of the corresponding
current are almost the same, as shown in Fig. 3, so they can be easily compared.

The timing of the X-ray pulse injection is critical to achieve the optimum electron
avalanche development. For example, if TB is the time necessary to reach V., the ionizing
radiation pulse has to be injected before the time t=(Ts-Ts), where Ts is the streamer
forming time. Anyway, when the X-ray pulse timing is appropriate, efficient energy transfer
occurs, thus leading to the laser pulse emission, in the time scale shown in Fig. 4.

An interesting measurement is the laser output energy as a function of the X-ray photon
energy. The results, summarized in Fig. 5, show a clear threshold effect around 25 keV. The
corresponding electron number density measured in 1 atm Ne by electric charge collection

8' 9

A

500 ns/div.

Fig. 2 - Time evolution of the typical discharge voltage (B) and of the X-ray diode current
(A)in the switchless operation mode. Horizontal: 500 ns/div. Voltage: 10 kV/div. Current:

580 A/div

DIODE CURRENT

CH 1 X-RAY PULSE

200 ns/div.

Fig. 3 - X-ray diode current and X-ray photon signal detected by a plastic scintillator and
a photomultiplier. Time scale: 200 ns/div
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Fig. 4 - Discharge voltage and output laser intensity time evolutions. Horizontal: 100
ns/div. The laser output FWHM is 160 ns. The wavelength is X = 308 nm
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Fig. 5 - Laser output energy vs X-ray diode voltage. Discharge voltage: 34 kV. Gas mixture:
1.5 Torr HCI, 10 Torr Xe, Ne balanced up to 3 atm

is n - 106 cm-3. In this case, however, only a fraction of the X-ray photons are useful to
the avalanche triggering, because of the short e-folding time. We can define the useful
preionization duration Te as the time during which the electron generation rate from direct
preionization is larger than the electron avalanche contribution. Both Ts and T_ are
sharply decreasing with the total gas pressure P and the reduced field E/P, as discussed in
Ref. 11. For the same working point, Te < Ts, and we can speculate T9 is the essential
parameter of the phototriggered discharge as it tells us how long is the effective working
time of the preionizing pulse to drive the electron avalanche development. Taking T_ into
account, from Fig. 5 we have a threshold electron number density nt - 2.6x10 4 cm-3.

Both the laser output energy c and the FWHM laser pulsewidth increase almost linearly
with the discharge voltage V. In particular, the C growth is twofold (from 4 J to 8 J)
increasing V from 28 kV to 35 kV.

The laser pulsewidth is strongly dependent on the HCI partial pressure, as it increases
up to the 60% of its value reducing the HCI pressure from 3 Torr to 0.4 Torr, as shown in
Fig. 6. At the same time, C has a rather broad maximum around 1 Torr HCl. From Fig. 6, the
output peak power increases with [HCI] up to 1 Torr of partial pressure, remaining almost
constant at - 47 MW level for larger HCl concentrations.

The quite long 210 ns FWHM laser pulsewidth achieved at 0.4 Torr, P = 3 atm (see Fig.
6) was not the longest one we got in this experiment. A 270 ns FWHM pulsewidth was obtained
at P = 1.5 atm, as shown in Fig. 7. Here appears also a slight saturation of e with P,
probably due to the E/P decrement from 1.5 kV/(cm.atm) at P = 1.5 atm, to 1 kV/(cm-atm) at
P = 3.5 atm.
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Fig. 7 - Laser output (full dot) and FWHM pulsewidth (triangle) vs total gas pressure. Gas
mixture composition HCI:Xe:Ne = (1:9:2062)

In all the reported experiments, the spatial laser energy distribution (monitored using
a Dylux sensitive paper) was very uniform over the (7x10) cm2 near-field spot area. The
reduction of the laser spot area from the designed (10xlO) cm2 to the measured (7x10) cm2

is mainly due to the X-rays distribution, as shown in Fig. 8, where a 7 cm spatial width of
the X-ray dosage along the direction perpendicular to the discharge electric field E is
reported.

Finally, the discharge performances have been investigated in the repetitive operation
mode using a longitudinal flowing loop with a maximum gas speed of 12 m/s through the
(10xl0) cm2 discharge cross section. The minimum clearing factor to obtain stable laser
output intensity was 1.1. The maximum 45 W average output power achieved at 6 Hz repetition
rate is actually power-supply limited, being the measured charging time of the primary
capacitor as long as 180 ms.

CONCLUSIONS

The switchless technique has beeen successfully applied to a 10 liter discharge XeCl
laser. Both the 8 J output energy and the 0.74% plug efficiency obtained compare very well
with the performances achieved in the conventional operation mode.7 Most important, this
technique allow us to operate for the first time our large system in the repetitive mode.
This goal could not be easily attained using a single thyratron or a spark-gap as
electrical switch.
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Fig. 8 - X-ray dosage distribution on the middle of the discharge region, in a direction Y
perpendicular to the electric field E
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Abstract

Confocal and non-confocal negative branch unstable resonators with an intracavity
spatial filter have been applied to a high-gain short-pulse UV preionized XeCl laser. The
near- and far-field radiation characteristics have been investigated in both
configurations for different spatial filter diameter values. Laser beams of quite high
brightness and with a regular intensity spatial profile have been obtained, in particular
laser beams of larger brightness have been obtained with non confocal schemes. A maximun
beam brightness of 1.3xlO1 *Wcm-2Sr -1  has been achieved. A low sensitivity to mirror
misalignments has also been observed.

Introduction

Laser beams of high brightness are required to improve and widen the scientific and
industrial applications of such devices. Any effort in such direction must try to satisfy
the following requirements. Firstly, the laser field mode volume must be made as large as
possible in order to fill all the active volume and get high energy, high power laser
beams. Secondly, laser beams spatially coherent across the entire beam cross section and
with a smooth and regular intensity spatial profile must be generated to obtain an
efficient laser energy transport and tight focalization spots. Finally, the laser beam
parameters should not be very sensitive to mirror misalignments.

To satisfactory fulfil the previous requirements an extensive work has been devoted to
the development and study of optical resonators, since the first appearance of laser
devices. The laser beam optical quality is mainly determined by the cavity transverse mode
structure.

It has been reported by Siegman 1 that, high mode volumes and high quality laser beams
can mainly be obtained by applying to laser devices unstable cavity configurations. The
unstable resonator studies for lasers under quasi-continuous conditions are not very
useful when such cavities are applied to high-gain short-pulse excimer lasers. In such
lasers the upper level population lifetime is comparable with the time taken by a photon
to travel along the resonator and the time for the development of a photon avalanche. An
extensive analysis of the build up of modes in unstable resonators for high-gain short-
pulse lasers has been presented in a series of papers by Anan'ev, by Zemskov et al. and
by Isaev et al.A.

The key concepts that emerge from their analysis are that the unstable cavity
magnification must be sufficiently large, to enable a diffraction-limited mode to become
the dominant mode in the resonator, in a time less than the time during which the laser
exhibits gain. Moreover, the laser medium gain coefficient must be sufficiently small so
that the lasing threshold is not reached before such a mode haYahad time to build up.

Positive branch unstable resonators have been generally applied to high power excimer
oscillators to generate good-optical-quality and high-energy laser beams'. Up to now, the
negative branch unstable resonators have not received much attention, since the presence
inside the cavity of a focal point makes them unattractive for high power systems.
However, a negative branch cavity called "Self-Filter3.ng Unstatle Resonator " (SFUR) has
been proposed few years agol and such resonator seems particularly suited to the
high-gain, short-pulse excimer lasers, to obtain diffraction limited laser beams with a
regular intensity spatial profile -*'-

To get higher mode volumes and shorter resonator lengths with respect to the SFUR
s,:heme a non confocal SFUR called "Generalized Self Filtering Unstable Resonator" (G-SFUR)
has been furtherly proposed -1 1 - 2 . The SFUR and G-SFJR working principles and main
features will be presented in the next section.

It is purpose of this paper to investigate and compare t' performance of confocal and
non-confocal SFUR schemes having the same cavity lens and applied to a high-gain
short-pulse UV preionized XeCl laser. The effect of the spatial filter size on the laser
beam energy and brightness has been investigated in both configurations. The sensitivity
to mirror misalignments of both schemes has also been tested.

II. Theory

The SF'!P iT cfc ] ravitv with A filtering aperture FA at the confocal plane (Fig.
1) The main SFUR idea is to choose the filtering aperture radius a in order that a plane
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wave striking FA is focused by the shorter radius concave mirror M2 to an Airy disk of
radius a. This means6:

a= (0.611f )1 =  ()

where A is the laser wavelength and f2  is the focal length of M.. In such conditions,
only the Airy disk propagates further beyond the aperture, is magnified and collimated by
the mirror M.. An exact Fourier transform relation connects the field distribution at FA
and the new field distribution at the same plane after the field has been reflected by one
of the mirrors (self imaging condition).

Discharge Chamber

Fig. 1 Experimental set up of the con-
M2  focal scheme; M, and M2 concave

I CM 1  mirrors; FA spatial filtering
FA Cf aperture of diameter 2a; OC -

2 .1- 1 output coupler
L-fl+ f 2

It comes out that the Airy disk choice removes the hot focal pointsince the
diffraction from the filtering aperture contrasts the focusing action of the M2 mirror.
Such a choice allows also, a fast establishment of the steady state laser field, since
minimizes the number of round trips needed to establish a laser mode starting from
incoherent fluorescence. Moreover, a smooth field profile, completely free of modulations,
c.an be obtained with such resonator scheme7 -'. However, the main drawback of this
configuration is due to the dependence of the laser beam mode volume on the
magnification value M and on the radiation wavelength. In fact, the output beam reaches
zero amplitude at a radius R* 1.5 IMI (0.61 f, ;)!)" and, when the SFUR is applied to
short-pulse excimer lasers quite small mode volumes can be achieved. This arises firstly
from the explicit dependence of the R value on laser wavelength. Secondly, the excimer
laser pulse duration limits resonator length, maximum magnification value and then laser
beam cross section. To partially overcome this problem it has been proposed1 0 a
Generalized Self Filtering Unstable Resonator (G-SFUR). The G-SFUR is a non-confocal
resonator made up by a plane mirror, a concave mirror and an intracavity field
limiting aperture (Fig. 2). In such scheme the filtering aperture size and its location
with respect to both mirrors, are chosen in order to get a configuration having the same
features of SFUR.

Fig. 2 Experimental set up of the non
Discharge Chamber confocal scheme; M. plane mirror;

M2 concave mirror; FA spatial filter-
ing aperture of diameter 2a; OC out-
put coupler; Ma collimating mirror

M2  M
LFA OC L,

L - LI+L 2

In particular, the FA location and therefore its distance L, from M. and its
distance L2  from M2 , must be determined by requiring that the image plane of the
pinhole, after one round trip, corresponds to the pinhole plane itself (self-imaging
condition)

L2 = fz(1+fz/2 L,) (2)

Sec:ondly, the FA radius must be chosen in order to cut off the oscillations of the
eigenmode TEM.. in the short part of the cavity, so:

a = [Lo A (l-Lm/2f2 )]
1' 2  (3)

The magnification is then:
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L, 1
M= (4)

L_- 1-L;2/(2 fo)

From the previous relations it comes out that the G-SFUR magnification can be simply
varied by varying the L, flat mirror distance from FA. Moreover, from equations (2) and
(4) it comes out that for L. ) f2 , the G-SFUR scheme allows to get M values about twice
larger than the M values obtained with a SFUR scheme having the same less curved mirror
and resonator length.

Since in the G-SFUR cavity the wave fronts of the modes are curved, the output
beam extracted near the pinhole screen can be collimated by a mirror M: having focal
length'O

2Lz(1-L2/2f 2)
f = d - (5)

1 -L 2 /f=

were d is the distance between FA and M,.

III Experimental Apparatus

The UV-preionized discharge excited XeCl laser used in this experiment has been
realized locally. The discharge is of the capacitor charge transfer type, with a
primary and secondary capacitance of 150 nF and 25 nF, respectively. The laser
chamber is made from a 68 cm long, commercially available PVC tube which contains the
electrode structure. The discharge electrodes 50 cm long, 5 cm wide are set at a
distance of 2 cm. The UV preionization is provided by a spark array rod located on one
side of the electrode structure. The preionization rod is driven by a capacitor Cp=lOnF
which is switched simultaneously with the primary capacitor, by a spark gap made locally.
The electrode assembly cross section and the schematic electrical diagram of the laser
system are shown on Fig. 3. The laser chamber sealed with Brewster angle windows is about
80 cm long. A standard gas mixture (.1% HCI, 2.1% He, 1.3% Xe, 96.5% Ne) at a total
pressure of 400 kPa has been used.

HV- Fig.3 Electrode assembly cross
C1 section and schematic

L emlectrical diagram of the laser
Lp 1 0system

trigger

With a plane parallel optical resonator, made up of an aluminized silica reflector and
an UV grade silica output coupler, an output beam (l.1x2) cmm of 250 mJ and 32 ns
duration, full width at half maximum (FWHM), has been obtained at the highest value of the
breakdown voltage of the internal capacitors (Vb=43kV). A laser extraction energy density
of 2.3 mJ/cm 3 has been then achieved.

A schematic set up of the negative-branch confocal unstable configuration, is shown
on Fig. 1. M, and M2 are concave mirrors of focal length f, =100 cm and f_ =10 cm
respectively, then, the cavity magnification is IMI =10. FA is the filtering aperture,
made of a 25/Lm thick stainless steel disc with a drilled hole of radius a located at the
confocal plane. A plane mirror OC set near FA has been used as laser beam output
coupler. To fulfil the "SFUR self-filtering condition" the spatial filter diameter must be
set at 2a=0.27 mm under our experimental conditions.

In order to realize a G-SFUR having the same cavity length and the same M2 mirror
as in the SFUR scheme previously described, the values of L, and L_ have been set at
99.5 cm and at 10.5 cm respectively, in accordance with Eq. (2). Moreover, a filtering
aperture of diameter 2a =0.25 mm has been used, as required by Eq. (3). A cavity with a
magnification IMI = 19.9 has been then realized. This value is about twice larger than
the M value of the corresponding confocal scheme. To collimate the laser output beam, a
concave mirror Ma of 239 cm focal length, placed at about 39.5 cm from OC has been used,
as it comes out from Eq. (5). A schematic set up is shown on Fig. 2.
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IV Experimental Results and Discussion

By applying the SFUR scheme to our XeCl laser, a laser beam of 11.5 mJ and of 22 ns
duration (FWHM) has been obtained at the highest value of the breakdown voltage (Vb=43
kV). A laser extraction energy density of 1.8 mJ/cmO has been then achieved.

The high quality of the laser beam can be easily inferred from the burn spots on a
sensitive paper at different distances from the output coupler (Fig. 4). Near OC (2 0.1 m)
the burn spot has a central hole due to the output coupler aperture. At 1.5 m from OC,
the beam spot shows a ringed pattern due to the diffraction effect of the hole. A uniform
spot is then obtained at longer distances.

2cm
Fig. 4 Burn spots of the SFUR laser out-
put beam at (a) 0.1 m, (b) 1.5 m, (c) Sm

91 from the output coupler.

a b C

The far field beam divergence was determined by measuring the laser beam diameter
at the focal plane of a 5 m lens. From the experimental results it has been "und that
more than 85% of the far field beam energy is comprised in a spot corresponding to a
full angle beam divergence 4=0.28 mrad. Therefore, a nearly diffraction limited laser
beam has been obtained with the SFUR scheme. In fact, 1 is only 1.5 times larger than
the diffraction limited value 4d=2.44 A/3a I MI. Thus a beam brightness of about 7xlO 13

Wcm -O Sr-1 has been achieved.
With the G-SFUR scheme applied to the same XeCI laser, a beam of 21 mJ and of 18 ns

duration (FWHj) has been obtained at Vb=43 kV. The high optical quality of the output beam
can be inferred from Fig. 5 which shows the laser beam burn spots recorded on sensitive
paper at a) 0.1 m, b) 1.7 and c) 5 m from the collimating mirror Mc.

a b c

Fig. S Burn spots of the G-SFUR laser
output beam at (a) 0.1 m, (b) 1.7 m and
(c) 5 m from the collimating mirror Mc,
(.1) laser spot at 5 m from OC without
tbecollimating mirror

d

By measuring the collimated laser beam diameter at the focal plane of a Sm lens, a
full angle beam divergence of 0.16 mrad has been obtained. Since a laser beam diameter of
7.3 mm has been measured on Mc, the divergence is 1.6 times larger than the diffraction
limited value which is 0.1 mrad. The just given divergence value depends on the
collioating mirror position. It is convenient to find out the G-SFUR divergence value
corresponding to the beam diameter on the output coupler mirror OC, to better compare the
SFUR and G-SFUR performance parameters. A beam diameter of 6.3mm has been measured on the
OC mirror, then a beam divergence and brightness of 0.19 mrad and
1 3xlO*'Wc7- 2Sr-1 respectivelyhave been achieved with the G-SFUR configuration. Moreover,
a laser extraction energy density of about 2.2 mJ/cm' has been achieved. Such extraction
energy density value is very close to value obtained with a plane-parallel cavity scheme.

From the experimental results just reported, we observe a shorter pulse duration of
the laser beam obtained with the G-SFUR configuration, with respect to the SFUR laser beam
time length. This can be due to the nigher magnification value of the G-SFUR scheme and so
to the higher mode losses of such cavity, which are determined by (1-1/M2). Therefore, the
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gain factor of the active medium is greater than the threshold gain value for a
shorter time in this last configuration 7 .

We observe that a higher energy density has been extracted and a beam brightness 50%

larger has been achieved with the G-SFUR scheme.
The laser energy E. and pulse width & t as a function of the breakdown voltage have

also been measured in both resonators. The experimental results plotted on Fig. 6 and Fig.
7 show a nearly equal behaviour of E. and / t versus Vb in both cavities.

20 G-SFUR

722
b. SFUR
4)

16
u. 20-

4-18

01

316-

8.0 I L 14 I I I
37 39 41 43 37 39 41 43
Breakdown Voltage(kV) Breakdown Voltage(kV)

Fig.6 Output energy as a function Fig. 7 Pulse width (FWHM) as a
of the breakdown voltage for the function of the breakdown voltage
SFUR (W} and for the G-SFUR ( 0 ) for the SFUR (0) and for the G-SFUR
scheme (0) scheme

It has also been observed that the sensitivity to mirror misalignmentfis nearly the
same in both configurations. The experimental measurements of the normalized output energy

as a function of the mirror tilting angle are shown on Fig. 8. It turns out that the

value of the tilting angle which halves the normalized output energy is is about 1.5 mrad
f -,,r both c-avities.

,.1.0

CO
b.
* * G-SFURc
o 0.8- El SFUR

06
= 0.6-
0

Fig. 8 Normalized output energy as a
0function of the tilting angle for the
. 0.4- SFUR (rf) and for the G-SFUR (0) scheme

E
b.o 0.2z

0.5 1 1.5 2
Tilting angle(mrad)

Therefore, it has been found that in accordance with theory, the G-SFUR maintains the
excellent properties of SFUR, like high transverse mode discrimination, fast establishment
of nearly diffraction limited output beams, low sensitivity to mirror misalignments,
but allows to have larger mode volumes with shorter resonator lengths, with respect to
the SFUR scheme.

It is impnrtant to observe that with such resonator configurations, larger mode
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volumes can alsco be obtained by increasing the filtering aperture radius beyond the
value required by the "self-filtering condition". Therefore, the FA radius, a, has been
varied and its effect on the output beam energy and divergence has been investigated in
the confocal and in the non-confocal configuration.

Three filtering apertures with a diameter of 0.5, 0.7 and 0.9 mm respectively have
been tested in the confocal scheme. Fig. 9 shows the burn spots of the output beam
recorded on a sensitive paper at about 10 cm from the output coupler. The burn spot of
the output beam obtained with 2a=0.27 mm (SFUR self-filtering condition) is shown on
Fig. 9a. It is important to point out that only in this last condition the output beam
diameter gets zero amplitude at a value D2l.5IM12a. By increasing the filtering aperture
radius beyond the value required by the "SFUR self-filtering condition", the output beams
get zero amplitude at D IjM2a.

2cm

Fig. 9 Burn spots of the confocal.scheme laser beam, at about 10 cm from
OC for a) 2a =0.27 mm, b) 2a=0.S mm,
c) 2a=0.7 mm, d) 2a=0.9 mm.

a b C d

Fig.0 shows the burn spots of the output beam obtained by varying the FA diameter
in the non-confocal scheme. Three filtering apertures with a diameter of 0.3, 0.4
and 0.5 mm respectively have been tested and laser beams with a diameter of 7.5, 9 and
11 mm respectively, have been measured on the OC mirror. The beam burn spots have been
recorded on a sentitive paper at about 10 cm from OC.

2cm

Fig.10 Burn spots at the non-confocal
scheme output beam at about 10 cm from
OC for a) 2a =0.25 mm, b) 2a =0.3 mm,
c) 2a=0.4mm, d) 2a =0.5 mm.

a b C d

From Figs. 9 and I0 it turns out that, in both configurations, the laser output beams
show a regular intensity spatial profile even at a values larger than those required
by the "self-filtering condition". This is a peculiar property of such negative
branh unstable resonators. It is well known that with positive branch unstable cavities,
the intensity radial variation of the output beam shows, instead, a characteristic ring
pattern which arises from diffraction effects.

The effect of the filtering aperture size on the output laser beam energy and
divergence, is shown on Figs. 11 and 12 for the confocal and non-confocal
configuration, respectively. The experimental results plotted as a function of 2|MIa
show in both schemes a linear growth of the output energy as the laser beam cross section
increases (Fig.lih But, laser beams of higher energy are obtained with the confocal
sc-heme at a given 21MIa value. This can be due to the lower mode losses and to the higher
feedback signal (i.e. higher a value) of this last configuration.

The laser beam divergence does also grow as the a value and then the beam diameter are
increased. A faster rise of the laser beam divergence versus 21MI a is observed in the
confocal scheme. Since the filtering aperture size affects strongly the mode selection
in both schemes, we observe that laser beams of higher energy, but of lower optical
quality, are obtained at larger a values. It is important to point out that, the number of
round trips to get a diffraction-limited beam starting from s-"itaneous emissions, gets
larger by increasing the a value, beyond the value required by the "self-filtering
c,-ndition", as it comes out from simple geometrical optics considerations3 -'. Fig.13 gives
the beam brightness versus 21MIa. In both configurations the beam brightness slows down
by increasing the a values. Neverthless, with the non confocal scheme a beam of quite
high brightness has been obtained at the largest 2 I M I a value investigated.

It is imprtant to point out that, in both sch=-es, not hot spots have been observed
,-t the resonator focal plane, at the highest excit ion rates and up to a repetition
rate of I Hz. Moreover, the radius a of FA after no .. than 1000 shots was unchanged in
bth ,-avities respectively.
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Conclusions

0o U'' f- a nd non)-.,rnf,)(a 1 nega t i ye branc hi unstable resonators with 3n n[t-rA:,av it y
spat ia] t i It Fte haive been appli-d t - a high-gain short-pulse tV-prei-ni.:ei X:'-] laser.
fly set t ing the s pat jal filt-r- diamreter equal to, the value required] tv the- SFUR 3nd the

'4FUIR "sel f f i.I-r ing ' onijt i-n respe, t ively, nearly Ii ffractIion 1.im itedl Learns haive be-n
Fobta i ne-d with F- t h r-,hemes . Bujt , a l a s er te am w ithI a b r ig h tn e s 5 (1 h ig h -r has tee n

aohi-ve~d withi th- (: ,-F11I1 crnfigurat-ion. In fact, in a':'':rdance, with theory, the (;-SFtII
maintains the ex,.l lent t'r'',pFrt ies o f :FUR, but allows to have largr mode vol Iimes with
s horttr r-sona t r I'rgt w it h r-'s prct t - PF1R.

By ncra g i n htth confti gira t i ou t tie s pat ialI f ilt er dia-Ime t er tey''td t he-
va 1lu-2e rqi i red tV t he "s,?If f i I te ci nF 'n i t I o~n" res?, pt' i ve I v. , aser beams of h)ighr
energy, tn t ,U fre: I a t i V" I y , "'Ower q)pt i ca 3 11ua1i ty , have teean ot'ta i nedl n11 f ac t tte s pa t i' .31

f I fItre i-. si t af e'- t 4s st.rongyI thle mod- s I c t i -n in toth schemes.
Nevr rthI esrr i t Iis inpurt ant tc:' point out that laser te~ams of qu i te higth brigh tness

a-nd with a1 r''guiar int'tnsi Iv spatial profile car be -cF~Ained Iv applying uhrEar
to, hiph~ gain sti,r t pu so exc Amtr i asers7
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VUV EMISSION FROM ELECTRON BEAM EXCITED CsF VAPOR
AT HIGH PRESSURES OF He OR Ne BUFFER GAS

V. T. Gylys, R. D. Bower, D. G. Harris and T. T. Yang

Abstract

C-F vapor in a buffer gas of He or Ne was excited by an electron beam. In a charge
transfer reaction from Ie ions to CsF, emission at 185 nm has been observed. It has been
tentatively assigned to the (R- X) transition of Cs 2 +F - .

Introduction

Excimer lasers have proven their capability to produce high power coherent radiation
from the visible to the UV with high efiiciency. Recently, Sauerbrey and Langhoff[l]
suggested an approach for generation of stimulated emission in the 80-200 nm region by
making use of ionic molescules that are isoelectrenic with rare-gas halide excimers. In
particular, a scheme based on excited ionic states of alkali halides was proposed.

The estimated spectroscopic properties of ionic alkali halide systems are summarized in
Table 1.111 The estimated radiative lifetimes are typically near 1 nsec or about an order
of magnitude shorter than those for rare gas halide systems. Experience with the XeF
!ser has shown that with lifetimes this short, the development of gain will be dominated
bv r;ILi ative nroceSs 2, Ind require high Dumn rates.

Table 1.
Radiative Stimulated 16 2

MolCcule Wavelength(nm) Lifetime(ns) Emission (10- cm

K"F -  86-ilb 0.54 U.72
Rb2+F- 1 15-130 o.67 0.95

C - 15-195 1.07 1.50

C s+l 13t-2o5 1.80 1.10

C Br 17-19o 1.92 0.77

Rb 2 Br- 8()-10 0.91 0.50

In this work, a concept has been developed for the extension of rare-gas halide laser
Lchnlory to shorter wavelength by means of isoelectronic ionic excimer transitions. The
simil irity of the ionic cxcimer molecules with the rare gas halide excimer molecules should
y 'cry helpFul in the study of these systems.

By using a Rittner potential [41 for the upper state and a Born-Mayer potential [51
for the repulsive interaction, the range of the emitted wavelengths has been pre-
dicted [1,1,8]. The potential energy diagrams for these systems are shown in Figure 1.
The emission should exhibit structure similar to that observed for rare gas halide
uxcimers. The main intensities are due to the B X and C A transitions.

Since for the rire gas halides no stable ground state molecules exist, only a reactive

formation of the upper lasing state is possible. Contrary to rare-gas halides, due to the
existence of stable alkali halide molecules, a variety of excitation methods for the ionic
alkali halide excimer states are possible. These include direct excitation of the alkali
hal ides by charge transfer using atomic or molecular ions, optical pumping such as soft
x-ray excitation, collisional excitation transfer using metastable rare gas states, and the

reactive formation after excitation of the molecular constituents.

FigTure I shows the relative energy levels between ionic CsF and various atomic and
mol.cular mtastabl es and ions of He. For CsF, collisional transfer using metastable
li I ium and charge transfer using atomic and molecular fe ions appears to be the logical

scheme for direct excitation.
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Resul ts

The emission spectrum of e-beam pumped Cs2+F - was recorded for various concetrations
of CsF and buffer gases, He and Ne. The effect of H concentration on the Cs F- emission
is shown in Figure 5. Both spectra have 2 torr or CsF but the He pressure is 3.28 atm in
upper spectrum and 9.21 atm in the lower spectrum. The Cs 2 +F- is most likely formed by
the h;nolecular and term) 1 LCLI ;ar ('hIr.ge transfer :ind Penning ioni iation reactions.

He) + + CsF - Cs 2+F + 2 ie

">+

He 2+ + CsF + HIe - Cs 2 = 3 He

He (is) + CsF Cs 2+F -  + lie + e

S + 2+ e

fie (2 3S) + CsF + He I Cs 2+F -  + 2 e +

Excitation transfer by He+ is not expected to be significant at the high pressures
studied in the c-beam experiments due to the termoclecular association process

He + + 2 He * He,) + + He

6 -1
which has a rate coefficient of 1.4 x 10 -l cm sec

The spectrum with 3.28 atm of He is the sum of six e-beam pulses whereas the spectrum
at 9.21 atm of He is a single e-beam pulse. Thus, increasing the He pressure a factor of
three caused approximately a factor of 15 increase in the Csz+F - emission intensity. This
increase in intensity is the result of several effects. First, increasing the He pressure
increases ion-pair production ratc.[3,14] Secondly, increasing the He pressure raises the
importance of three body processes. The increase in ion-pair production rate would
account for approximately a factor of three increase in signal. This leaves a factor of 5
to he accounted for by the kinetics. The kinetics of this system are quite complicated,
however the rate of a three body process involving two He atoms would increase nine fold
for an increase of 3 in He pressure. Thus it is not unreasonable that the Cs2+F- emission
intensity could increase by a factor of 5 due to kinetic considerations.

The Cs2+F- radiative lifetime is reported to be approximately I nsec.[ i] Thus the Cs2+F -

emission intensity should reach steady state in approximately I nc. The time resnonse
the deetion system was estimated to be approximately 20 nsec. The observed risetime of
the Cs-q+F- emission is the response time of the detection electronics. The decay should be
due t i decline in Cs2+F - production rate. Both He, and He*(23S) have sufficient energy
to excite CsF to Cs2+F - . The Cs F emiee,;on decay rate is then due t the
disappearance of these energetic species. As the pressure is increased the species
disappear faster.

The deactivation of Cs2+F - can occur by recombination with electrons and negative ions,
by collisions with electrons and molecules or by radiation. Examples are

Cs2
-  + c Cs

* Cs* + F

- Cs + p*

- Cs + F + e-

- other

Cs+ F - + F - CsF* + F

- CsF + F*

- Cs + F2

- other
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Cs2+F- + i - Cs + F + M

- CsF + M +

- other

Cs+ F-  - Cs +F + h

Ass ujni.nY rate constants for the recombination and collisions with electrons of
10 -cm s - , recombination with negative ions of 3 x 10- cm3s- 1 , collisions with moleculesof lI)-locm~s -

, a radiative rate of l0 s and particle densities of 5 x ll 5 cm - 3 for

electrons, 3 x 1 01 4cm-i for negative ins I and l() 7 m_ for gas kinetic molecular qu nc ers,
then the deac tivat ion rates are 5 X C-T r or rcambination with negative in, l0s's? for
collisions with molecules and 5 x9 10 s for collision with electrons. The 2total deactiva-
Lion rate is approximately 3 x 10 s . Therefore about one-third of the Cs +F- formedshouL, radiate.

Figire 6 shows the Cs2+ P- emission spectrum for 2 Torr of CsF and 2.3 atm of Ne. The
spectrm is the. sum of six e-beam shots. Since th2 stopping power of the gas is approxi-
mately proportional to its atomic number, 2.3 atm, f_Ne should have the same stopping power
as 11.5 atm of He. Therefore, the derreas c in Cn- F emission intensity relative to the
9.21 atm He spa'ctrum is dye to the relativ kineti.s and energetics of the two systems.
[r he case ot holj1 m , He , fle y+ and :1e:-(2 S)),re all sufficiently energetic to produce
Cs+ F either by charge transfer or, Penning ionization. Howev r, with No buffer gas, only
No and No.,+ [ave sufficient energy. This suggests that Hc*(2 S) plays a major role in
the excitation of Cs- F in the lie buffer system.

The Cs2+ F mission spectrum dependence on the CsF concentration is shown in Figure 7.
The emission intensity is observed to decrease dramatically with increasing CsF concentr; +
t 10n. Iis c aId be de to .ground -7 tate C.,F 'hsorPt on of the I 8nm 1 ht emitted by Cs- F-.

The time-r )ve(d fluorescence intensity of the 's2+ F- was determined with the electron
beam excitati . A Febetron 706 was used as the c-beam source. It has a 3 nsec pulse
width and a IA ak current of /OoOA. The fluorescence was detected with a 1-meter VUV
monochromator and solar blind photomultiplier tube. Ihe ouput of the photomultiplier
tube was reco ded with a digital storage oscilloscope. Several c-beam shots could be
averaged toge. her on the oscilloscope.

Time decays were recorded at various CsFP;iind He buffer gas concentrations. Figures 8,
), 1') and 11 how the time decay at the Cs- F- emission for 2 Torr of CsF at He buffer
gas pressure t.t 813, 258(, 14088 and 6[95 T respectively. Note the different time bases on
the decays. The initital decay rate ineneases with increasing He pressure. Figure 12
shows the tir dependence for 10 T CsF and 811 3 T iie. Comparing Figures 11 and 12 shows
that increasi g (CsF) has little effect on the ini ial deca +but decreases the long time
component of -he fiurescence. The time evolution of the Cs- F emission in a neon buffer
is shown in F ,ure I J,+ The (CsP) was 2 T and (lie) was 2595 T. The initial species are
beliezed to b, the Cs- F- emission and the long decay may be fluorescence fr 9 m the window.
Nu*( 4 is ne only long lived spcies wvIch should be present. Since Ne(3 P,) does not
ha suffic i, _ energy to excite CsF to Cs- F-, the-e should be no long term pr6duction of
Cs- F

Summary

Ionic excimur emission has been observed 18'4.5 nm from electron beqn+ excited CsF. We
have tentatively assigned this emission to the (13B+X) transition in Cs- F . The pressure
dcpende ne o)f' this emission has been investigated.
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Figurae 8. Temporally resolv;ed Cs 2+ F fluorescence at 189.5 nm

from an e-beam pumped gas mixture of 2 Torr CsF and
813 T.*rr of He.
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Figure 9. Temporally resolved Cs 2+F fluorescence at 1814.5 nm
from an e-beam Pumped gas mixture of 2 Torr Cs!', and
2580 Torr of He.
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Figure 10. Temporally resolved Cs2 F- fluorescence at 184.5 nmfrom an e-beam pumped gas mixture at 2 Torr CsF,and 4088 Torr of He.
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Figure 11. Temporally resolved Cs 
2
+ F fluorescence at 189.5 nm

from an e-beam pumped gas FilYtlire of 2 Torr CsF,
and 6795 Torr of He.
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Figure 12. Temporally resolved Cs 2+F
- 

fluorescence at 189.5 nm

from an e-beam pumped gas mixture of 10 Torr CsF
and 8113 Torr of He.
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Figure 13. Temporally resolved Cs2 F
- 

fluorescence at 189.5 nm
from an e-beam pumped gas mixture of 2 Torr CsF
and 2595 T rr of Ne.
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Gain Measurements on the KrF (B-X), XeF (B-X), and XeF
(C-A) Laser Transitions in a XeF (C-A) Laser Gas Mixture

A. Cheville, T. Zhang, R. Sauerbrey, W.L. Wilson, and F.K. Tittel
Electrical and Computer Engineering Dept.

Rice University
Houston, TX. 77251-1892

ABSTRACT

Gain and absorption were measured on three excimer transitions in an optimized electron beam
pumped XeF (C-A) gas mixture. The high net gains on the KrF (B-X), XeF (B-X), and XeF (C-A)
transitions demonstrate the feasibility of developing a UV/visible multicolor excimer laser.

I INTRODUCTION

In recent years the XeF (C-A) laser has shown considerable promise as a broadly tunable, high
power laser in the blue-green region of the spectrum [1]. The XeF (C-A) laser exhibits many desirable
characteristics for use as a source in optical communications, laser spectroscopy, remote detection, and
ultra-short pulse amplification. The spectral tuning range of the laser is greater than 90 nm and efficient
laser operation has been demonstrated from 440 to 530 nm with up to 1.5 % conversion efficiency. Using
injection tuning, narrow bandwidth (< .001 nm) tunable high intensity output has been demonstrated [2].
Initial work carried out at Rice used a 20 cm3 volume and achieved output energy densities on the order
of 1.5 J/1 [1]. More recent work with a scaled up electron beam source exciting a 500 cm3 volume has
shown the same extraction level [3].

The performance characteristics and wavelength tuning of the XeF (C-A) laser are influenced by
the presence of both broadband and narrow-line absorbers in the active medium. The identification of
these absorbing species and subsequent gas tailoring [2], [4], [5] have permitted continuous tuning with
increased extraction efficiency.

The temporally short, intense electron beam Xe
pumping scheme used in this device combined with ............
the high pressure multicomponent gas mixtures C Z5 r3
found optimum for the XeF (C-A) laser also supports .. ........ .. -. Ar +
two other diatomic excimer transitions; both of which _Kr+
are in the UV spectral region and have significantly < ...._,____ _ Kr2F
larger stimulated emission cross-sections than that 2

of the XeF (C-A) transition. Figure 1 shows spectral..................F
characteristics of the ultraviolet emissions at 351 nm
[XeF (B-X)] and 248 nm [KrF (B-X)], and the blue- KrF (B-X) XeF (B-X) XeF (C-A)
green XeF (C-A) spectrum. The XeF (C-A) laser is =..- . ,.
affected by distinct valleys in the free running C ,n
spectral profile due to transient, narrow-band atomic E P
absorption lines from the rare gases used as well as Z __
broadband atomic and molecular absorptions.
Shown at the top of figure 1 are absorption bands of
several of the broadband transient absorber species 200 , • ,
formed by the electron beam excitation of the laser 200 300 400 500 600 700
gas mixture [5]. Wavelength (nm)

Because OT their high net gain coefficients, Fig. 1. The spectrum of an optimized XeF (C-A)
both the XeF (B-X) and KrF (B-X) laser transitions electron beam pumped laser gas mixture shows
have a considerable impact on design three characteristic excimer laser transitions: the
considerations for a XeF (C-A) laser. The presence KrF (B-X) transition at 248.5 nm, XeF (B-X)
of these transitions indicates the potential for transition at 351.1 nm, and the broadband free-
developing a multicolor excimer laser operating running XeF (C-A) transition centered at 80 nm.
simultaneously in the blue-green spectral region on The shaded bars on the top part of the figure
the XeF (C-A) transition as well as in the UV on the indicate the main broadband absorbers present in
XeF (B-X) and/or the KrF (B-X) transition. the XeF (C-A) laser medium as a result of intense

electron beam pumping. Darker shading indicates
larger photoabsorption cross-sections.
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The KrF laser transition demonstrates a higher gain coefficient than the XeF (B-X) transition
making it a better candidate for simultaneous oscillation with XeF(C-A). A long gain length XeF (C-A)
laser has aemonstrated greater than 100 mJ of KrF output for about 500 mJ of total output when injection
tuned in the blue-green spectral region [6]. Judicious selection of the proper five component gas mixture
can significantly reduce competing gains, however.

This paper describes gain measurements at the KrF (B-X) (248 nm) and XeF (B-X) (351 nm)
regions of the spectrum made in an optimized XeF (C-A) laser gas mixture. Gain and absorption were
measured as a function of gas partial pressures, and energy deposition. A brief discussion of how these
results pertain to XeF (C-A) kinetics is presented, as well as a discussion concerning the feasibility of a
novel single excimer laser operating simultaneously on the XeF (C-A) and KrF (B-X) lines.

II EXPERIMENTS

The experimental setup used in this study is shown in Fig. 2. A Physics International 110 electron
beam generator was used to transversely excite a high pressure gas mixture contained in a cell with 20
cm3 active volume. The generator produces a 10 ns (FWHM) pulse of 1 MeV electrons with a total
current of 24 kA. Electrons produced by field emission from a carbon felt cathode traveled through a wire
mesh false anode, a short (3 cm) evacuated drift region, and through a 50 gim thick titanium foil into the
gas cell. A hibachi structure provided mechanical support for the foil. The electron beam is confined in
the drift region by an external magnetic field. The strength of the field, measured in the drift region, could
be adjusted from 0 to 2200 gauss on a shot to shot basis. In the current experimental configuration the
spatial variation of the energy deposition is less man ± 10% over the entire gain length. The spatially
averaged energy density in 6.5 bar of Ar on the optic axis varied from approximately 100 J/ with no
magnetic field, to 225 J/ with the full magnetic field.

The laser gas mixtures were contained in a nickel plated stainless steel reaction cell. Gases were
added to the cell one component at a time with good gas mixing assured by rapid turbulent flow. Previous
work with the XeF (C-A) laser system has shown that the optimum gas mixture utilized for a short gain
length laser is 8 torr Xe, 1 torr F2, 8 torr NF3 , and 300 torr Kr in a buffer of 6.5 atm. of Ar [1], [4], [5] . In the
experiments reported here all measurements utilized this optimum multi-component mixture. While
studying the effect of gas composition on the gain coefficients, only one component of the mixture was
varied while the ratio of the other gasses remained fixed. The gas was replaced at least every 10 shots to
avoid inconsistent data resulting from gas dearadation.

e-Beam Diode CZ
0 _Electrons (1

Cell

Fas~ndL .Spectrometer E

5Ojim Ti Foil

CGF g f

5 
15 cm2oPimlens BS

Gas Handling130

System Dye Laser

Fig. 2. The schematic diagram of the experimental set-up for the measurement of gain and absorption
in an electron beam pumped laser medium. PID: photodiode, W: MgF2 window, M: mirror, OMA: Optical
Multichannel analyzer, BBO: 13- Barim Borate SHG crystal, BS: beam splitter, NDF: neutral density filter,
CGF: color glass filter.
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The direct output from a flashlamp pumped dye laser (Phase-R Corp. FL2000) was used as the
probe beam for measurements in the blue-green spectral region. In the UV region two B-barium borate
(BBO) crystals were used to produce the ultraviolet probe beam at either 248 nrn or 351 nm by second
harmonic generation of the visible dye laser. The crystals were mounted in sealed cells with AR coated
windows located between two 15 cm focal length fused silica lenses in a confocal arrangement. Tuning
was accomplished by changing the fundamental wavelength of the dye laser and adjusting the phase
matching angle of the BBO crystal. The fundamental pump beam consisted of 10 mJ, 250 ns FWHM
pulses.

The pump and second harmonic beams were spatially separated by a prism and two iris
diaphragms. The frequency doubled probe beam was attenuated to < 50 kW by the use of neutral
density filters before it passed through the cell. The probe signal was detected using a fast vacuum

22

0 "

(." e-beam :

0-

......... Estimated shape
of dye laser probe

0 100 200 300 i ,
0 50 100 150

Time (ns) Time (ns)

Fig. 3. The solid line shown in (a) is a typical photodiode signal showing the gain and absorption
superimposed on a flashlamp pumped dye laser probe beam. The arrow represents the 10 ns wide
electron beam pulse. The estimated shape of the probe beam is represented by the dashed line. Part
(b) of the figure depicts the net gain and absorption signal separated the probe beam.

photodiode (ITT F4000). Narrow band interference filters and color glass filters were used to define a
spectral range of observation. The output of the photodiode was monitored using a transient digitizer
(Tektronix 7912AD) with a 500 MHz bandwidth. The wavelength characteristics of the fundamental dye
laser pulse was monitored by using an optical multichannel analyzer (EG&G PARC OMA Ill) connected to
a 0.25 m spectrcri~ -ter. Both the transient digitizer and OMA were controlled by an IBM AT type
computer. The timing of the probe beam and e-beam excitation pulse were monitored using a fast
storage scope (Tektronix 7834).

The signal from the photodiode was a superposition of the temporal shape of the probe beam and
the gain and absorption signals. The gain/absorption signal were separated from the probe beam in
order to determine the gain/absorption ratio as a function of time. This was accomplished by dividing the
actual signal (gain andcprobe) by the signal measured without firing the electron beam. The solid line in
Fig. 3 (a) shows a typical gain measurement made on the XeF (C-A) transition. The initial absorption is
followed by gain in the after-glow regime. This behavior has been discussed elsewhere [1], [4], [5]. The
dashed line in this figure represents a spline-fit estimate of the dye laser probe signal. Figure 3 (b) shows
the temporal evolution of the gain and absorption after being separated from the probe beam signal.

Accurate measurements depend on correct timing between the dye probe beam and firing of the
electron beam. The gain measurements are estimated to be accurate to 0.2 % cm-1 for the XeF (C-A)
measurements, and < 1 % cm-1 for the UV measurements due to shot to shot uncertainties of fitting the
actual shape of the probe beam to the measured probe pulse with gain superimposed.
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III EXPERIMENTAL RESULTS

The experimental method described in the preceeding section allows an accurate measurement of
the temporal evolution of gain and absorption. Gain values given in the following sections are peak net
gain values (gain - absorption). While it is rather difficult to measure absorption at the laser transition, a
good estimate for the absorption cuefficicnts can be achieved by tuning the probe off the gain peak.
Hence absorption coefficients are defined as absolute values.

A] XeF (C-A) Gain Measurements Kr Partial Pressure (torr)
Net gain coefficient measurements were 0 500 1000 1500 2000

performed near the center of the XeF (C-A) gain ..
profile at 486.8 nm. These measurements agreed
well with previous work [1] and served as a useful
calibration for the measurements in the UV spectral A Xenon
region. A measurement of absolute per pass O Krypton
absorption by tuning off the gain peak was not
possible because of the broad spectral width of the
XeF (C-A) transition which would have forced an C
absorption measurement too far away from the gain 'a E
maximum for meaningful data. 2

The small signal gain coefficient was Z
measured as a function of the Xe and Kr
concentration in the gas mixture. The result is
shown in Fig. 4. The per pass gain rises rapidly as
the Xe concentration is increased. Maximum gain
occurs with a Xe concentration of .15%-
corresponding to 8 torr in 5300 torr total pressure.
As the Xe partial pressure is further increased the 0..............
net gain declines; most likely as a result of broad 0 10 20 30 40
band absorption by excited xenon states [51, [71 and Xenon Partial Pressure (torr)
two and three-body quenching of the XeF (C) state
[51, 18), [9]. Previous work [1], [4], [5) has shown that
a small amount of Kr, on the order of 6% of the total Fig. 4. Dependence of small signal XeF (C-A) gain
concentration, greatly increases extraction coefficient at 486.8 nmon variations of Kr and Xe
efficiency- primarily by reducing transient partial pressure. The gas mixture used was (8 torr
absorption. This work observes similar behavior; Xe, 1 torr F2, 8 torr NF3, 300 torr Kr, and 6.5 bar Ar)
adding 300 torr of Kr increases the small signal gain was identical to that previously found optimum for a
coefficient by about 0.5 % cm- 1 . The addition of short gain length XeF (C-A) laser. The Xe and Kr gas
more Kr has a negative effect, however, decreasing component scans were done independently. The
the net gain coefficient. A large concentration of Kr variations in the net gain coefficient from shot to shot
increases the energy deposition in the gas; and it is are attributable to variations in the electron beam
believed [51 that this leads to greater transient pumping source.
absorption by Kr** and Xe** thus reducing the net
gain.

B] KrF (B-X) Gain and Absorption Measurements
The dye laser probe beam used for the XeF (C-A) gain measurements was frequency doubled to

248.5 nm for net gain measurements, and to 244 nm (about 5 nm off the KrF laser transition) for
absorption measurements. The low damage threshold of f-BBO at 248 nm limited the maximum
permissible intensity of the dye laser probe beam. As a result, these net gain and absorption
measurements have a somewhat larger uncertainty for any given gas fill. The maximum error is
approximately ±1 % cm- 1.

Gain measurements on the KrF transition in an electron beam excited mixture have been reported
previously. However non- of these studies examined a mixture optimized for XeF (C-A) laser operation.
The major difference between the XeF (C-A) laser gas mixture and those commonly used for KrF lasers
is the addition of small amounts of xenon, and the high pressures (6.5 bar) required for good collisional
mixing between the XeF (B) and (C) states in the XeF (C-A) laser.

Figure 5 shows the effect of varying Kr and Xe partial pressure on the net gain and absorption
coefficients. In Figure 5(a) the KrF gain coefficient rises rapidly to about 8 % cm-1 as the concentration of
Kr in the mixture approaches 6 %. As Kr concentration is increased to 27 % the gain coefficient slowly
falls to 5 % cm- 1 . Xenon on the other hand, is found to strongly quench the KrF (B-X) gain coefficient.
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This decrease in the net gain coefficient with increasing Xe partial pressure can be explained by a
corresponding rise in absorption coefficient seen in Fig. 5 (b)- from 2.7 % cm- 1 with no Xe in the mixture,
to 8 % cm- 1 at Xe partial pressures of 30 torr. Part of this absorption is thouqht to be from excited Xe
states [5], [7], however the absorption cross-section of Xe** at 248 nm cannot fully explain the observed
trends. We also find that the absorption coefficient demonstrates somewhat unexpected behavior as the
Kr concentration is varied. Although various krypton species are predicted to be among the dominant
absorbers at 248 nm [5], the absorption per pass falls as Kr partial pressurJ is increased to around 300
torr, then rises again as Kr partial pressure is increased beyond this point. The changing contributions of
the absorbers Ar2+, ArKr+, and Kr2+ as Kr concentration is varied are predicted to be responsible for this
behavior.

Kr Partial Pressure (torr) Kr Partial Pressure (torr)
0 500 1000 1500 2000 0 500 1000 1500 2000

. . .. . . . .12 -

SKrypton 1 X orypon

.2
.Etj 6- -

2 2

=248.5 nmn X=244n

0 10 20 30 40 0 1'0 20 30 40

Xe Partial Pressure (torr) Xe Partial Pressure (torr)

Fig. 5. Dependence of the KrF (B-X) gain coefficient (a) and absorption coefficient (b) on variations in Kr
and Xe concentration of the excited gas mixture. The intensity of the probe beam was limited to 50 kW/cm 2

to avoid gain saturation.

C] XeF (B-X) Gain and Absorption
A fundamental dye laser wavelength of 702.2 nm was frequency doubled using a 1-BBO crystal to

produce a probe beam of 351.1 nm for gain coefficient measurements and 346 nm for absorption
coefficient measurements. For the XeF (B-X) gain and absorption coefficient measurements intracavity
aperatures were used. The error is estimated to be .5 % cm-1.

Figure 6(a) shows the small signal gain coefficient as a function of Kr and Xe partial pressures in
the gas mixture. The decrease in gain in figure 6(a) with increasing Kr partial pressure corresponds
roughly to the increase in absorption shown in Fig. 6 (b). Any differences are probably due to
inaccuracies of the measurement method for low absorption coefficients. The effect that varyirng the Xe
concentration has on the small signal gain and absorption coefficients can also be seen in Fig. 6(a). The
net gain coefficient rises as the Xe partial pressure increases, peaking at a Xe concentration of 1.9%,
corresponding to = 100 torr of Xe in the gas mixture. Beyond 100 torr partial pressure of Xe the net gain
coefficient decreases slowly, falling to 5 % cm- 1 at 4.5% Xe concentration (240 torr, the largest point
measured). Two-body and three-body quenching of XeF (B) by Xe are the likely explanations for the
decline of the net gain coefficient at higher Xe partial pressures [8].

Figure 6 (b) illustrates the effect changing Kr and Xe partial pressures have on the absorption
coefficient. As the Kr partial pressure was increased, the absorption coefficient increased rapidly,
probably as a result of the increased production of Kr species with large absorption cross-sections near
351 nm [5]. It can also be seen from Fig. 6(b) that the absorption coefficient decreases rapidly as the
xenon partial pressure is increased. We attribute this behavior to very rapid charge transfer reactions
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Fig. 6. The variation of the net gain coefficient (a) and absorption coefficient (b) are shown in this figure
as a function of the Xe and Kr partial pressures of the gain medium. The intensity of the probe beam waslimited to 50 kw/cm2 to limit saturation of the excited gas mixture. The improved accuracy of these
measurements over those on the KrF (B-X) transition is attributable to less depdence of the gain
coefficient on shot to shot variations in e-beam pumping.

from strongly absorbing ionic Ar and Kr dimers as well as displacement reactions between the absorber
Kr2F and Xe.

D] Effect of Energy Deposition on Net Gain 12
The net gain coefficients for all three 0 XeF (c-A) 486 nmfuncionof 0 0XeF (B-X) 351 nm

transitions were also measured as a function of 10- A KrF (B-x) 249 nm
energy deposition in the laser gas mixture. These
results are shown in Fig. 7. The standard, optimized
gas mixture of 8 torr Xe, 1 torr F2, 8 torr NF3, and 8
300 torr Kr in a 6.5 bar Ar buffer was used for all
measurements while the energy deposition in the V9
gas mixture was varied by adjusting the magnetic 00- 6
field. ,

KrF gain showed the greatest sensitivity to
variations in energy deposition. A factor of = 2
increase in the energy deposition from 80 to 150 J/1
resulted in an increase of the gain coefficient from 6 2
% cm-1 to 11% cm- 1. Although the XeF (C-A) and
(B-X) gain coefficients also rise with increasing
energy deposition, the change is much less 0
dramatic. An increase of energy deposition by a 0 100 200factor of 2 results in an increase in the gain Energy Deposition (J/I)
coefficient of about 1 % cm-1 for the XeF (B-X) and
(C-A) transitions. The dependence of the gain on Fig. 7. Optical net gain of the KrF (B-X), XeF (C-A),
energy depositions for these two transitions follow and XeF (B-X) laser transitions as a function of
each other closely as is expected since the (B) and energy deposition.

- (C) states are closely coupled.

169



IV DISCUSSION AND FUTURE DIRECTIONS

Proper gas tailoring of the XeF (C-A) laser medium allows the adjustment of the small signal gain of
the three laser transitions in this medium. Reducing gain coefficients in the UV region of the spectrum
should provide better extraction efficiency in the XeF (C-A) regime. This study has shown that a
reduction in KrF gain can be achieved by increasing the Xe concentration- at a cost of slightly reducing
the small signal gain of the XeF (C-A) laser.

The optimized XeF (C-A) laser medium exhibits a high small signal gain coefficient in the ultraviolet
region of the spectrum on the KrF (B-X) transition at 248.5. This high UV gain should allow the
reduction in KrF gain can be achieved by increasing the Xe concentration- at a cost of slightly reducing
the small signal gain of the XeF (C-A) laser.

The optimized XeF (C-A) laser medium exhibits a high small signal gain coefficient in the ultraviolet
region of the spectrum on the KrF (B-X) transition at 248.5. This high UV gain should allow the
construction of a two, or even three, color excimer laser system. Such a multicolor UV-visible excimer
laser operating at optimum XeF (C-A) laser parameters has direct impact on the development of a
practical, tunable XeF (C-A) laser system.

Current methods of wavelength tuning the XeF (C-A) laser require a second laser to act as an
injection source. There are drawbacks of cost, complexity, and timing inherent in such a scheme. Some
of these difficulties can be avoided in a self pumped injection scheme in which the electron beam could be
used to simultaneously excite a second, UV laser (such as KrF) which acts as the pump for a dye laser or
optical parametric oscillator which can then be used as the XeF (C-A) injection source.

Such a dual wavelength laser is desirable to investigate since the population oi the KrF (B) and XeF
(B) states are predicted to peak before that of the XeF (C) state [5]. Fluorescence measurements of the
XeF (B) and (C) states have shown this to be true [8] for the XeF (B) state. In fact, a two color excimer
laser developed previously at Rice demonstrated such behavior [101.

A discharge pumped XeF (C-A) laser has used a technique similar to the one proposed here to
boost the XeF (C-A) output by more than an order of magnitude [11]. However the dischage pumped
device did not demonstrate high output energies in the blue-green spectral region nor broadband,
narrow linewidth tunability. Preliminary work to investigate the feasibility of a self injection scheme using
the KrF (B-X) transition to excite a small dye laser is currently being conducted at Rice.

V CONCLUSION

Gain measurements using a frequency doubled dye laser probe beam were conducted on three
laser transitions in an electron beam pumped XeF (C-A) excimer laser mixture. An optimal five
component gas mixture demonstrates relatively high (_> 3 % cm- 1) gains on the KrF (B-X), XeF (B-X), and
XeF (C-A) transitions. These high gains raise the possibility of constructing a high power two or three
color UV-visible excimer laser. Furthermore, the temporal variation between the onset of KrF (B-X) and
XeF (C-A) laser action suggests a simple and novel self injection scheme for the XeF (C-A) laser.
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3-DIMENSIONAL FEL THEORY

G. Dattoli, H. Fang* and A. Torre, R. Caloi**

ENEA, Dip. TIB, U.S. Fisica Applicata, CRE Frascati,
C.P. 65 - 00044 - Frascati, Rome, Italy

ABSTRACT

In this paper we discuss a three-dimensional theory of an FEL operating with a
continuous e-beam. The theory is base on a generalized method of solution of the FEL
Helmholtz equation in the high gain small signal regime.

1. INTRODUCTION

The complete analysis of the FEL dynamics is hardly actuable with purely numerical or
analytical methods. As a consequence, it has been approached partly with analytical and
partly with numerical techniques. A general code, indeed, describing the FEL physics
should take into account the undulator inhomogeneities, the effect of the finite emittance
and energy spread of the e-beam, the transverse mode evolution, and the longitudinal mode
dynamics due to the finite length of the electron pulse. It is therefore evident that such
a code requires a noticeable numerical effort with a consequent enormous expense of
computer time. Consequently, the codes so far developed account for only some of the
above-quoted effects as it is for the 1-D code FELP1 and for the 3-D code FELEX, 2 both of
them developed at Los Alamos.

A numerical code including both the longitudinal and transverse dynamics would be
therefore highly useful from a theoretical and practical point of view.

However, although analytical methods can be applied only under simplifying hypotheses,
they stand out as useful tools to get a physical insight into the problem under study and
to provide a check with the results of more sophisticated numerical computations. The
integro-differential equation describing the FEL pulse propagation in the low-gain and
small-signal regime, for instance, has been reduced into an evolution-type equation in the
long-bunch approximation,3 this allowing to infer interesting and useful informations
about the gain dependence on parameters, as the cavity detuning and the coupling
parameter. 4 Similarly, in Ref. (5, an approximate analysis of the Colson wave-equation2
governing the transverse mode dynamics for an FEL operating with a continuous e-beam in
the small signal regime has been carried out. In the low-gain regime, indeed, and in the
hypothesis of a parabolically-shaped transverse distribution of the e-beam, the evolution
equation can be reduced to a form, basically equivalent to that of the parabolic equation
describing the paraxial propagation of an e.m. wave through a non-homogeneous medium with
a parabolic dependence of the dielectric constant on the transverse coordinates.
Consequently, it is possible to account for the FEL transverse mode evolution within the
context of the well-established methods of optics.

Furthermore, in Ref. (7) a more general analysis has been presented, approachinq the
problem with operational techniques developed both in classical and quantum optics.8 The
use of operational methods allow to treat the transverse and longitudinal mode dynamics
within the context of a unifying formalism. In the present paper, we reconsider the FEL
wave-equation firstly in the simplest case (no transverse and longitudinal mode
structures) and, then, including the effect of the transverse structure. Sec. 2 is indeed
devoted to illustrate an alternative approach to the one-dimensional Colson wve-equation.
In Sec. 3 we generalize the methods to describe the dynamics of the transver'e modes, thus
providing a scheme for a numerical computation. Section 4 is finally devoteu to concluding
remarks.

* ENEA Guest. Permanent address: Institute of Fine Mechanics and Optics, Shanghai, China
**Dipartimento di Fisica, 1^ Universiti di Roma "La Sapienza", P.le Aldo Moro, 5

00100 - Rome, Italy
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2. SINGLE-MODE DYNAMICS

The one-dimensional Colson wave-equation
9

d I L . (2.1)- ak) -ill~ t e
'v  

a(L-L')dL'

d u

rules the evolution of the complex amplitude a(t) of the optical field for a continuous e-
beam in the slowly varying amplitude approximation and small signal regime. In the above
equation the dimensionless variable i measures the time in unity of the interaction
interval; go and vare the gain coefficient and the resonance parameter respectively.

Introducing the shift operator e-L'/dL, we can recast Eq. (2.1) as

d )t r (2.2)-a i ll -ig". dL' L' e' ra(0
d L

the operator T being given by

d (2.3)
T iv + -

dL

The eigenstates (B, of T can be specialized as

46) () = 4) exp {i(v +8v) L} (2.4)

with the real and imaginary parts of the eigenvalue 8v specifying the shift of the
frequency with respect to v and the rate of variation of the amplitude respectively.

Let s express the optical field a(i) as a superposition of the 46v's, namely

a(i) __ a., exp{i(v +v) t (2.5)
liv

with unspecified coefficients asv.
Inserting (2.5) into Eq. (2.2) yields the equations

6v2(v f-b 1- fig,, = 0 (2.6)

\' aL = 0 . \ a--1  0 (2.7)

6, 8V 2 8 v

Consequently, the eigenvalue 6v specializes as a solution of the cubic equation (29).
On the other hand, combining (2.6) and (2.7) with the initial conditions provides a set of
three algebraic equation for the coefficients as8 as

3 3

a -a 8v :a a v \ 8 v2a - -a v2  (2.8)

J~l J=1 J=1

with ao denoting the initial value of the field complex amplitude. In the above equations
de have denoted with 8v. a solution to (2.6) and with a. the corresponding coefficient in
the superposition (2.5).] In conclusion, the optical field specializes as

\ a (2.9)
-- j

it is worth stressing that the explicit knowledge of 8v. and ai is unnecessary. Expanding
the exponential in (2.9), indeed, we can rewrite a(t) as

k

a , k (2.10)
7k!k=O
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Fig. 1 - Three-dimensional plot of gain vs resonance parameter and gain coefficient

which clearly displays that a(t) is determined by sums of the type

3
Sk) \ Jk a (2.11)

J=l

Equation (2.8) specify the value of G(k) for k=0,1,2 as

(I a za V (2.12)

where for sake of simplicity it has been assumed ao=l. The other a(k) for k>2 can be
obtained from Eq. (2.6), which provides, indeed, the following recursive relation

ki (k-i k-3) (2.13)(1 t V( -ii a10 = I

with the condition a(°)=l for k=O and a(-k)=O for k>O.
The FEL gain is obviously given by the relative energy variation after one undulator

passage, that is

G = a(,)1
2 

_ (2.14)

An idea of the gain dependence on v and g0 is offered by Fig.l, 12 where a three-
dimensional plot of G vs v and go is reported. For small values of go, that is for g0 less
than unity, the gain curve exhibits the well-known antisymmetric shape, while for
increasing g9 a significantly modified profile appears, as a consequence of the interplay
between the interferential and exponential effects contributing to the gain process. For a
more detailed analysis of the gain deviations from the linear regime, the reader is
referred to Ref. (12), where a perturbative approach, the perturbation parameter being the
gain coefficient go, to Eq. (2.1) has been carried out, thus providing an explicit
expression of the gain as a third-order polynomial in g with coefficients depending on
the resonance parameter v. The effect of the beam quality on the gain curve has been also
analyzed in the quoted reference.

3. TRANSVERSE-MODE DYNAMICS

The equation governing the transverse mode dynamics for a FEL operating with a
continuous e-beam in the small signal regime and slowly varying amplitude approximation
has been derived in Ref. (6) in the paraxial approximation as

2 + ) a(x L)= -illg jx 1  dt'L'Y" alx Lt- 0 (3.1)
4 OI
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where V1
2 represents the two-dimensional Laplacian

a2 )
2

V2  + (3.2)

with . and il denoting the transverse coordinates x and y normalized to \/XL/n , that is

I. undulatorlength

Finaily j(x1 ) is the transverse current, whose shape is det-r,ined by the transverse
distribution of the e-beam.

Let us introduce the field a(xL,t) defined as

- 1/1/4/V (3.4)
atx- ) C a (xL)

and satisfying the equation

dA ( ,0 JixI ,t) dt'exp itv' V + V2 J (xI,t - ) (3.5)o 4 'Al

where J(xl,i) denotes the operator

u /4NV - it /4V (3.6)
,(x1,j -e j(x1 )e

Introducing as before the shift operator e - ("/ o
t), Eq. (3.5) turns into

-zg0x ,)t 0 d a (X EL') (3.7)

with T being a generalation of the operator (2.3), that is

= - + (3.8)
4 1 a

The eigenstates of T are easily inferred in the form

(1) = , 1, (3.9)blun 111/g ,i

with (4 nm(Xii) being the Hermite-Gaussian modes, explicitly given by

(Vnm 9'( t ) = -t " ) 11 ( J 
-

((3.10)

(nwn r!2" '(L) ' -i 2

where

WWL) - I + t2 /4

denotes the spot size at t normalized to the beam waist wo=(XL/n) 1 / 2 . Expanding A(x.Lt) in
terms of the 4Dvnm's as

a (x,) := a * ).m n',(Xl )e 
'
c" + o't (3.12)

Equation (3.5) turns into
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N (v+6v)a 6,,W.mC ,O)e'v + " (v+ v)a "V2 )(x ,O) e +lv'n' m", ' (3.13)

+ ngoj(X1 ) 2 ,_ g( 6 vL)aYn ,m(XIO) e = 0

where gl(8v,t) denotes the function

g(8vL) dLTei6V = I -1 )+ it e-r6vL (3.14)
o 8v2  8v

Multiplying Eq. (3.13) on the left by D*nm(x±,0) and exploiting the orthogonality relation
satisfied by the Hermite-Gaussian modes we end up with the equations

(v +80aig + d a fg (3.15)
(v-s- vn + N d __a- - j nn a 6 I,. 0

Wn' nml 8 'I'll n-m

N'- ~ 0 IN' I a = (3.16)
n=2 anm , Bvn

2

n'm' 'nm ' vn'ni' 5V n'

where dnm and Jndenote the matrix elements
nm' nin'

d =Idx4(x0)! ( V2 (3.17a)
nm = _ Iimt x' 4 1 nmX O
n'm'

II
Jnm =  dx, . m(x,,0) j(xl) 0O) (3.17b)

Wnm'

Equations (3.15, 3.16) can be appropriately utilized to infer a set of recursive
relations, aimed at specifying the evolution of the field a(x±,T), which, according to
Eqs. (3.4) and (3.12), can be written as

a(X1  e ) >' __ ." ) ~ 0) (3.18)
n.m j !

where the quantities

nm 6,M- v av m (3.19)
liv

can be determined iteratively. Let us notice, indeed, that Qn(O)'s represent the
coefficients of the expansion of the field a(x1 ,t) at the initial time in terms of the
Hermite-Gaussina modes, namely

' = I dx , m(7,O)a(xiO) (3.20)
nm

Correspondently multiplying (3.15) by 8vj and summing over By; one gets the recursive
relation

QW + V(,)-I)+ N" d i'- r Jnon -3) 0 ( -( =0 (3.21)
nm nm flhil nre -- go 4r nn'r' (n.21)

n-m' n'm' n'm' n-m'

with om(0 ) specified by (3.20).
The relation (3.21) correspond to the recursive equations (2.13), relevant to the

single-mode Eq. (2.1). They exhibit however a more intrigued structure, as a consequence
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of that they account for the dynamics of the transverse modes, as it is displayed by the
sums over tha coupled modes, the strength of the coupling being determined by the matrix
elements (3.17).

in particular, by taking the explicit expression of the matrix elements, dnm Eq.
(3.21) specializes as n'm'

+ v---(n+m+l) o - + -in(n-) J_- + -V(n+l)(n+2) a' - ' + - V'm(m-1) QU-I
4 nm 8 n-2111 8 n+2 8 nrn -2 (3.22)

+1 V (m+1)(m+2) 
j> -

)  n j J j-3) = 0
-n,+2 - ig , (111,M,

8i' nIm n9 Wm*

It is particularly interesting to notice a kind of shift into the resonance parameter
v, which can be taken into account defining a v-parameter depending on the mode-indices as

v v I(n+ m+1) (3.23)
4

For a deeper discussion, the reader is addressed to Ref. (7), where the resonance
parameter has been replaced by an appropriate operator, accounting for the shift of the
frequency as a consequence of the transverse mode dynamics. It is evident that the
recursive relations (3.23) must be handled with a computer. However, analytical results
can be obtained for specific shapes of the transverse current.

A uniform transverse current, for instance, leads to the simplified form of (3.22)
+ U b jii

(i
J  + V 0 -  + I Vn(n--) + - \/(n+l)(n+2) Qn + I -- GJ-

1
,-

ni n1 nn 8 m 8 +2,n 8 nm-2 (3.24)

+ 1 V(m+I)(m+2) 01 -ng Gij- 3
) 0

8 1,1n'+2 i n

Let us suppose that at the initial time the field is given by the fundamental eigenmode,
i.e.

a(x1,0) = 4,,(x1 0) (3.25)

Consequently, the coefficients (Unm
(0

) specialize as

10) (3.26)=' :6 8
1rm no 11o

which is the starting point for inferring iteratively the anmlji's for j>0. Evaluating the

nm(J) 's up to j=3, we get the following approximate expression of the field after one
passage through the undulator (that is for i=l)

-pef/ { a(v(vitl I
_X I) 1 0(v) - iig + al(v)p 2 + a2(v) p4 + a(V) P61  

(3.27)

where p2 __ k 2 +r, 2 and the explicit dependence of tie coefficients ak, k = 0,1,2,3 on the
resonance parameter v is not reported here for sake of brevity. For a more detailed
discussion , the reader is addressed to Ref. (14), where a parabolically shaped current
has been considered as well, along with a numerical analysis of arbitrarily shaped
currents.

4. CONCLUSION

In the present note, we have illustrated a possible method for analyzing the
transverse mode dynamics in a FEL operating with an electron beam longitudinally
continuous but transversally shaped. The method consists basically in expanding the
optical field in terms of Hermite-Gaussian modes, taken at the entrance to the undulator.
The coefficients of that expansion are expressed in form of a superposition of plane-waves
with complex-frequencies. As a result, we get a set of recursive relations, partly
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reproducing those obtained within the context of the single-mode evolution and partly
displaying the effect (revealed by a coupling among the modes) of both the diffraction and
the interaction with the e-beam.

The results presented here might be the starting point to analyze the effects of the
transverse structure on the FEL optical field evolution.

Just to illustrate some of these effects, let us consider the variaiton of the beam-
waist of the fundamental Hermite-Gaussian mode along the undulator. In Fig.2, we have
reported a three-dimensional plot of the beam waist vs go and i. These results have been
obtained by exploiting the matrix methods of ray optics, applied according to Ref. (5) to
the FEL interaction in the low-gain regime. A focusing effect of the interactio'n is
evident and is further displayed in Fig. 3, where the beam waist at the output from the
undulator is plotted as a function of go.

0.50

0.40

Fig. 2 - Three-dimensional plot of the beam waist vs g0 andt
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Fig. 3 - Beam waist at the output from the undulator as a function of go
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ABSTRACT

In this review of Space Based Chemical Laser (SBCL) progress, critical technology programs are
updated. This is followed by a program motivation discussion. Next, major accomplishments in each
of the SBCL technology areas (Device, Beam Control, Large Optics, Acquisition, Tracking and Pointing
(ATP), and Integration) are reviewed. A more detailed description of all program that support each
technology area is presented, followed by a short discussion of advanced technology programs that
support the SBCL. The paper closes with several review comments that put the status of the SBCL
program in context.

Introduction

Since its inception, the SDIO Strategic Defense System (SDS) concept has included high power
laser weapons, primarily because directed energy weapons are especially effective in exploiting the
leverage of boost phase defense, i.e., negating hostile ICE4s in boost phase, before reentry
vehicles are released. The high energy laser that is furthest along in its development process is
the SBCL, which has been studied for nearly two decades, and is well understood. The SBCL is
especially versatile, and has significant strategic defense capabilities beyond the basic boost-
phase intercept mission. These include bus intercept, mid-course interactive discrimination, self
defense and defense of other SDS assets, and sensor augmentation.

This paper will review the SBCL technology development program, focusing on the progress of
individual technologies, and measure that progress against what has yet to be attained in order to
reach the capabilities required for an entry-level SBCL system.

SBL Technology Update - 1989

This year has seen significant progress in development and demonstration of key SBL
technologies. The most important, and most visible, is the Alpha laser program. This is the first
program to build and test a laser device designed specifically for use in a space-based system. In
its initial ground tests, short duration lasing was successfully demonstrated, and power and beam
quality were measured.

In another key program, the LAMP (Large Advanced Mirror Program) mirror has completed government
acceptance testing. This is a large, seven-segment mirror constructed specifically to demonstrate
design features required by the pointing mirror of a space-based laser. LAMP has met all major
performance objectives and has demonstrated the required state-of-the-art for large optics for near-
term SBLs.

The LODE (Large Optics Demonstration Experiment) brassboard experiment demonstrated and
validated beam control concepts for large space-based lasers. Advanced concepts for highly accurate
beam control were used in these experiments, including holographic optical elements (HOEs) and
outgoing wavefront sensing (aAS). The results have verified SBL and Zenith Star beam control
schemes.

In the acquisition, tracking and pointing (ATP) area, progress continues at a good pace. The
major program here, Starlab, now has the majority of its hardware completed.

The Zenith Star program is assigned the task of integrating all the above technologies into a
space-based laser demonstration experiment. Zenith Star successfully completed a systems
requirements review (SRR) in 1989. During the past year, the SBCL program has added the Alpha/IAMP
Integration (ALl) experiment to assemble an end-to-end SBL optical beam train on the ground,
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propagate a high energy laser beam through it, and demonstrate most beam control concepts as an
intermediate step towards a major space experiment.

SBL Program Motivation

Nunerous studies and analyses have been performed over the past few years that show DEIs can add
significant capability to SDS Phase I architectures. Boost-phase intercept of ICH4s is made
possible by the speed-of-light travel times of a high-power laser beam, which augments the capabi-
lities of kinetic energy weapons. Extensive cost and producibility analyses have been performed for
SBCL subsystems and components that convince us that SBCLs remain promising candidates for augment-
ing a deployed Phase I system based on kinetic kill vehicles.

Space-based chemical laser technology has successfully demonstrated many of the technologies
necessary to make a confident decision on further development. Chemical lasers were under
development by the Department of Defense long before the concept of SDI was officially put forth in
1983. Since then, under the guidance of the SDIO, chemical lasers and related technologies have
continued to mature to their present level. Integrating the individual technologies into a single
system is the principal remaining challenge for the SBCL program.

SBL Accomplishments Over The Past Fifteen Years

Significant progress has been made in all technical areas over the last fifteen years. The
highlights and major accomplishments are shown in Table 1. These test programs have clearly
demonstrated that lasers can produce high-power beams which can be propagated reliably towards fast-
moving targets. They show that lasers can function on the ground, in an airplane, or in space; that
a laser beam can be accurately controlled and aimed; and that irradiation of targets causes
considerable damage. Each major accomplishment was the result of exhaustive analysis and design,
construction, test and evaluation, and involved a large number of activities both government and
civilian. Fundamental physics problems were addressed and solved, many requiring complex omputer
models to predict performance. The result is that today we have in place the expertise, and much of
the hardware, to proceed with integration and test of the weapon subsystem.

ThBIE 1 - Accomplishments over the Past Fifteen Years

Laser Device Acquisition, Tracking and Pointing
BDL (1973) ABTS Satellite Track (1982)
NACL (1976) Airborne Laser Lab (1983)
MAS (1980) R2P2 (1986)
MIRACL (1980) Sealite Beam Director (1987)
Sigma Tau (1983)
Alpha Verification Module (1985) Large Optics
Alpha (1989) Army Pointer Tracker (1975 - 1983)

Navy Pointer Tracker (1976 - 1978)
Beam Control Sealite Beam Director Mirror (1984)

Airborne Laser Lab (1983) LAMP (1989)
LCDE (1983 - 1989)

Integration
Airborne Laser Lab (1983)
High Power Tests at WSMR (1987)

Near-term SBL Program Description

The SBL program can be divided into five major developmental areas: laser device, beam control,
large optics, ATP, and integration. Technology programs have been sponsored by SDIO to advance the
state-of-the-art in all five areas, and significant progress has occurred in each area. The
following sections list major program elements in each area, review the progress in terms of
historical milestones, and project the progress that still must occur to meet SBL program goals.

Device

The major element of this area is the Alpha laser. Alpha is a high power hydrogen fluoride
chemical laser, cylindrical in shape and designed specifically for use as an SBL. Its wavelength is
2.7 micrometers, which is in the mid-infrared and is well suited for propagation in space, but not
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in the low atmosphere. Although its power level is below that required for an entry-level wapon,

its design allows easy increase to the required power by adding additional rings to the Gain

Generator Assembly, shown in Figure 1. The beam quality of Alpha is designed to meet strategic

defense requirements. The Alpha laser is currently being tested in the Space Test Chamber in San

Juan Capistrano, California, shown in Figure 2. Figure 3 depicts the past history and projected

milestones of the Alpha program.

FIGURE 1 Alpha Gain Generator Assembly
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Beam Control

The major elements of this area are the LODE and ABCS (Advanced Beam Control System) programs.
Beam control techniques are used to direct the high energy laser beam fran the laser device to the
large pointing telescope optics, and to ensure that the beam has the required characteristics to
maximize brightness on target. To accomplish this the beam must be maintained to within fractions
of a millimeter for accurate beam pointing. Also, the beam phase profile must be "cleaned-up" to
produce a flat, uniform phase front, which is accomplished by using a wavefront sensor and defor-
mable mirrors to sense the aberrations and then correct them. A uniform phase front, quantified by
the "beam quality" parameter, is important for obtaining a very snall spot when the beam is
focussed on a target. Jitter, tilt and defocus, each of which can diminish the laser platform
brightness at a target, are controlled to tight tolerances. The beam spatial profile is shaped to
match the optical beam train by clipping and dumping excess power over small portions of the beam so
that instruments and hardware in certain locations in the beam train will not be damaged. The
multiple segments on the large pointing optic are kept in precise alignment by using holographic
optical elements (HOEs) and Outgoing Wavefront Sensors (OWS) to control actuators behind the surface
of the mirror segments. Figures 4 shows the past history and projected milestones of the LODE
program.

BOTE - Beam Control Technology Experiments
BBCD - Brassboard Beam Control Demonstration
BB - Brassboard
IWCD - Integrated Wavefront Control

Demonstration

ALl and Zenith Star risk reduction
BCTE #3 ABBA complete..-" experiments

CTE #2 (IRCAD) complete
BCTE #1 (SBJS) complete

BB relocated and reverified - start of BCTE
CO /BBCD tests complete in air and in helium
3First demo of hierarchical beam control (integrated aberrations and jitter)

o First ever demonstration of laser aberration control using an OWS
.,*LODE PM and BB fabricatedIWCD at CDR level

IME
#1 Subaperture Boresight and Jitter Sensing
#2 Infrared Calibration and algorithm Development
#3 Automated Brassboard alignment

I I I I I III

85 86 87 88 89 90 91 92 93 94

FY

FIGURE 4 Wavefront Control (LODE) Program History

Large Optics

The major elements of this area are the LAMP and Large Optical Segment (LOS) programs. The
LAMP mirror, shown in Figure 5, is a large, seven-segment, actively controlled mirror that
demonstrates the manufacturing capability and sensor/control technology necessary to build a space-
based laser pointing mirror. It represents a breakthrough in large optics technology. The LAMP
mirror has gone through an extensive test series on the ground, satisfying all requireme. .s, and now
will be used in the Alpha/AMP Integration experiment. Lightweight and flight-qualifiable, a
modified LAMP is included in the Zenith Star space experiment.
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The Large Optical Segment program involves the design and eventual manufacture of the larger
mirror segments required for a weapon system. The basic technologies needed to support this program
have already been developed and demonstrated in such programs as LAMP, HCPWS, and others, and the
scale-up of facilities necessary to produce this mirror will significantly improve the state-of-the-
art of mirror manufacturing so that it is fully able to meet near-term SBL needs. Figure 6 shows
the progress of these programs over the last five years and projected progress over the next five
years.

A

FIGURE 5 The LAMP Mirror

CTM Thermally Controlled Tertiary Mirror

LOS Larg Opia Se m ntDTCTM critical Design and Subcafe Fab.
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0,LM tlzto td *OTCTM Preliminary Design and Risk Reduction

W LAMP Utilization Breadboard
eLOS Facesheet Fabrication
LOS Primary Minor Design

Installation of final segment piO ontrol Algorithm Complete (Lamp)
'Absolute Phasing Complete (Lamp)

,_0Producibilty Phase I (Facasheet) Complete
Acceptance/performance tests
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FIGURE 6 Large Optics Program History

185



ATP

Major elements of this area supporting the SBCL concept are Starlab and the Common Module
Tracker program. Starlab is an ATP testbed that has a hardware legacy dating back to the Talon Gold
program. It provides a flexible modular approach towards gathering data for ATP systems, with a
range of sensors from the UV to the IR. The optical tracking configuration is applicable to all DEW
platforms. Starlab is designed to be lofted into orbit in the cargo bay of the Space Shuttle, and
is used in conjunction with the Spacelab which houses payload specialists who perform manual target
acquisition during a seven day mission. The primary objective is acquisition and active tracking of
a thrusting booster. A by-product of the experiment is data collection of plumes and mid-course
object phenomenology.

The Common Module Tracker program is a study to design, fabricate and test a single tracker for
all DE weapon candid-tes, including SBLs, GBL fighting mirrors, and NPB platforms. Many facets of
the acquisition, tracking, and pointing process are similar for each of these DEWs. For example all
must acquire and track booster plumes, and locate the booster hardbody. All must locate midcourse
objects for discrimination missions. All must compute point-ahead angles and direct the outgoing
beam at the target. If a single tracker unit can be built for all DE applications, with only minor
software modifications required for each specific application, then costly overlaps can be avoided.
Figure 7 shows past progress and anticipated milestones of all major acquisition, tracking and
pointing programs for SBLs.

* ZEITH STAR

STARLAS

TI T CKING FIELD TESTS

JPL PLUME
TALON GOLD DATA RME
BRASSSOARD AON OE

- SATELLITE & 2A A ACAST FIEL POWR
TAK AIRBORNE RPAA o OE

TST_-LASER LAD SEALITE BEAM DIRECTOR6-FIELD TEST A &sTATIC

TELESCOPE A SAMRT ADAPTIVE KUIPER
OPTICS TRACKER A LAS DATA

, I I I I I , I I I , , , I

60 81 02 63 84 a5 s6 97 as 66 60 91 92 23 E4 IS 96
-NAVY TRACKER POINTER

(NACL LASER) FISCAL YEAR

FIGURE 7 Acquisition, Tracking and Pointing Program History

Technology Integration

Two major elements of the technology integration activity for near-term SBLs are the Zenith Star
program and the Alpha/LAMP Integration (ALI) experiment. The Zenith Star program will design build
and test subscale space-based lasers, resolving issues that can only be tested in an actual space
environment. Figure 8 is an artist's depiction of the Zenith Star laser in orbit. The objectives
of the Zenith Star program are to resolve key technical issues in sufficient detail to support a
confident decision on developing space-based chemical lasers for strategic defense, and to resolve
key acquisition, tracking and pointing issues for boost and post-boost objects. Recently the
Alpha/LAMP Integration (ALI) experiment was added to the program. The ALI experiment will assemble
an end-to-end SBL optical beam train on the ground, propagate a high energy laser beam through it,
and demonstrate most beam control concepts as an intermediate step towards a space experiment.
Figure 9 shows the program history for SBL integration program activities.
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FIGURE 8 Zenith Star Space-Based Laser Experiment
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FIGURE 9 SBL Integration Program History
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SBL Advanced Technologies

Advanced technologies are being developed to facilitate the requirement to produce high-
brightness laser systems for the far-term SDS. These technologies promise to make the laser
platforms smaller, lighter, less complex, and easier to manufacture. A constellation of individual
laser modules is effective against the near term threat, however as the threat evolves, modules are
combined coherently to create very-high-brightness systems. This is accomplished using nonlinear
optical phenomena (Stimulated Brillouin Scattering) or conventional amplifier coupling and array
phasing technologies. APACHE and APEX programs are developing nonlinear optical phenomena, and
their progress is shown in Figure 10. Additionally, development of short-wavelength chemical lasers
(overtone) also provides potential for higher brightness systems. Aggressive pursuit of APACIE/APEX
technology and efficient overtone operation may improve prospects for near- and far-term space laser
applications by providing real-time phase cleanup for reduced optical figure requirements and short
wavelength operation for smaller optics.

CW Demonstration CDR,

Beam Director Subsystem.

Bidirectional Amplifier DVT Complete.
CW Demonstration PDR

Long Pulse DVT Complete 

Midpower Oscillator Isolation DVT
COFirst Test, Bidirectional Amplifier,,

wf w
C,

0 • Flowing Cell DVT Complete

.'Phase Conjugate Amplifier DVT

*'Initial Testing of Isolation Components

_XPACHE Complete (Demonstrated Conjugation of Multi-element array)

Multiline HF SBS Phase Conjugation Demonstrated

-SBS Beam Combination and Aberration Correction Characterized

-SBS Demonstration at HF Wavelengths

/ IIIIIII I

85 86 87 88 89 90 91 92 93

FY

FIGURE 10 APACHE/APEX Program History

Closing Comments

Significant progress has been made in developing technologies essential for space-based lasers.
This progress has been across-the-board, covering all key technology development areas. The
technologies are feasible - no "show-stoppers" have been identified to date. Integration of the
individual technologies into a total system is the largest remaining issue for space-based laser
development. The current plan is to address this in subscale space experiments, which will
demonstrate that SBLs do indeed have a role in a missile defense system.

The SBCL program is well balanced with both near term and longer term concepts being pursued in
parallel. This will result in near-term system options, and also permit planned growth as the
threat evolves over time.
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ABSTRACT

A gain model for the CW oxygen-iodine Laser medium is described. The model uses a simplified, temperature-dependent,

chemical kinetics package which consists of several reactions among the 3E, la, and 1E states of oxygen, atomic and

molecular iodine, water, and helium. The Heidner 12 dissociation mechanism is included to allow for incomplete dis-

sociation. Gas flow is treated using a pre-mixed, one-dimensionaL streamtube model which accounts for gas expansion

and heat release in the cavity. Etastic cotlisionat cross-relaxation effects upon the DoppLer-broadened Line are

treated using a Fokker-PLanck diffusion model of the velocity distribution of the upper and Lower laser Levels. This

gain model, in conjunction with a geometric optics, multi-mode model of an unstable standing-wave confocaL resonator,

is used to examine the influence of velocity cross-relaxation and mode separation upon the Laser output power and mode

spectrum. It is shown that Lasing will occur on all available modes even when the mode separation is less than the

collision linewidth.

I. INTRODUCTION

Recently there has been considerable interest in both subsonic and supersonic CW chemical oxygen-iodine lasers (COIL)

because of their short-wavelength, singLe-Line operation, and their potential for scaling to high power, high optical

quality operation. For those applications requiring scaling to high power and optical quality a detailed understanding

of optical extraction from the oxygen-iodine medium is required if large scale devices employing unstable resonators

are to be successfully designed and built.

The primary physical mechanisms affecting the gain and saturation character, and hence, the Laser output power and

spectrum, of the oxygen-iodine medium are the 02 (
1A) pump reaction, hyperfine relaxation, Doppler and collisionat

line-broadening of the transition, and collisional cross-relaxation. Because the pumping mechanism is a transfer

reaction, the small signal gain (SSG) and saturation parameter of the medium are strong functions of the local 02 ( 1)

density (Ref. 33). In addition, although the nascent velocity distribution produced by the pumping reaction is not

known, reasonable assumptions about it imply that the pump reaction quickly re-equilibrates the Loaded iodine velocity

distributions, at least for the conditions considered here, in which the stimulated emission rate is less that the

total 02 (1a) pump rate. Finite-rate hyperfine relaxation does not, to first order, decrease the SSG, but does reduce

the saturation parameter since the effective Lifetime of the upper Laser Level is increased (Ref. 15). As is well-

known a realistic gas Laser model must account for the thermal motion of the Lasing atoms as well as their collisions

to property treat the medium's saturation behavior. The thermal motion of the atoms along the optical propagation

direction causes their center frequency to be Doppler-shifted so that each velocity group of atoms has a different

probability for interacting with the radiation within the cavity, as is indicated schematically in Figure 1A. In the

absence of collisions the medium is said to be inhomogeneousLy broadened. Elastic collisions between atoms of the

medium continuously redistribute the thermal velocity population and so tend to restore homogeneity to an otherwise

inhomogeneous Doppler-broadened line, as shown in Figure lB. If the collision rate is sufficiently fast in comparison

to the pumping rate and the stimulated emission rate then only one longitudinal mode will have sufficient gain to lase

and the Laser is said to be homogeneous. The rate of velocity cross-relaxation determines the specific spectral

character of the Laser output spectrum, either homogeneous, inhomogeneous, or 'mixed' (Ref. 14).

The purpose of the present work was to examine the effects of velocity cross-relaxation upon power extraction from the

oxygen-iodine medium in an unstable resonator. To this end a gain model of the oxygen-iodine medium was developed

which uses a simplified, temperature-dependent, chemical reaction rate package consisting of several reactions among

the 3E, 1A, and 1Z states of oxygen, atomic and molecular iodine, water, and helium. The Heidner 12 dissociation

mechanism is included to allow for incomplete dissociation (Ref. 9). For simplicity, hyperfine relaxation is assumed

to be fast enough that the Levels in question were populated statistically, and consequently, only lasing on the 3 - 4

transition is considered. Gas flow is treated using a pre-mixed, one-dimensional streamtube model which accounts for

189



gas expansion and heat release in the cavity (Ref. 1). ELastic cottisional cross-relaxation effects upon the DoppLer-

broadened Line shape are treated using a Fokker-Ptanck diffusion model of the velocity distribution within the upper

and lower Laser Levels of iodine (Ref. 19). This gain modeL was then used in a three-dimensional, geometric optics,

muLti-mode modeL of an unstable confocal resonator (Ref. 30) to determine the Laser output.

This paper is organized as follows. In Section II the gas flow model is reviewed. In Section III a simplified oxygen-

iodine kinetics model, which is suitable for modeling optical extraction from the COIL medium, is described and dis-

cussed. Section IV discusses the velocity cross-relaxation model. In Section IV-A the general Boltzmann formalism to-

gether with the Keitson and Storer collision kernat is useo to derive both the strong collision or relaxation model

and the integral and differential forms of the weak collision or diffusion model. The boundary conditions appropriate

for the differential form of the weak collision model are described. In section IV-B the approach used to estimate the

required velocity diffusion coefficients is described while in Section IV-C an estimate of their magnitude is made. In

Section V the pumping, quenching, and stimulated emission terms required by the diffusion model and the expressions

used to compute the Loaded gain are described. Section VI briefly describes the approximations and numerical algorithm

used to solve the coupled partial and ordinary differential equations comprising the model. In Section VII the modeL

is exercised for conditions typical of a supersonic oxygen-iodine laser and the effects of velocity relaxation and

resonator mode separation upon the laser output power and spectrum are examined.

II. GAS FLOW MODEL

A one-dimensional, premixed model of steady, inviscid, reacting, ideal-gas flow in an expanding cavity, similar to

that discussed by EmanuaL ,Ref. 1), is used to describe the gas flow in the Laser cavity. In order that the flow can

be approximated as one-dimensional it is required that the fractional rate of change of the area of the cavity with

distance downstream be small (Ref. 2). While it is, in general, desirable to introduce area relief into the cavity to

reduce heating of the gas, too rapid expansion of the gas could cause extreme thermal gradients and/or shocks which

would disturb and diminish the optical beam quality. Thus, this requirement is not only mathematically necessary but

desirable from a practical point of view as well. That a premixed description of the reacting gas in the Laser cavity

be a reasonable approximation it is necessary that the reacting gas streams, here 02 and 12, be well-mixed prior to

entering the cavity. In practice, this is insured by careful design of the nozzle and injection geometry as well as

the choice of secondary buffer gas flows to optimize the penetration of the secondary 12 stream into the primary 02

stream. Further discussion of the conditions under which the flow can be approximated by a one-dimensional, premixed

model is given in Refs. 1 and 2. Here it will be assumed that such a description is adequate.

The fundamental equations describing inviscid, non-reacting flow of an ideal gas are derived and discussed by many au-

thors including Knudsen and Katz (Ref. 3) and Bird, Stewart, and Lightfoot (Ref. 4). The equations appropriate for a

steady, one-dimensionaL, inviscid, non-reacting flow of an ideal gas in a cavity with variable area are discussed by

Shapiro (Ref. 2). In general, the state of a steadily flowing, non-reacting gas is determined by its mass density,

temperature, pressure, velocity, and the cross-sectionaL area of the cavity through which it is moving. These five

macroscopic variables are related to each other and constrained by the requirements of mass conservation, Newton's

second law for momentum change, energy conservation, and the thermodynamic equation of state. However, for a one-

dimensional flow, that is, one for which these variables depend only upon the distance downstream these four re-

quirements are insufficient to determine the state of the flowing gas and an ancillary constraint between these

variables is required to uniquely determine the state of the gas. An example of such a constraint is that the area of

the cavity be specified as a function of the distance downstream.

in the following it is assumed that the flow is along the x-direction and that the cross-sectional area of the cavity,

A, and its rate of change, dA/dx, are specified functions of x. The gas mixture wilt be taken to consist of NR compo-

nents some of which may react white the remainder of which will be assumed to act as a diLuent, contributing only to

the deactivation of the reacting components and to the molecular weight and heat capacity of the gas mixture. Further-

more, it is assumed that the cavity waLLs are thermally non-conducting and frictionless, assumptions which are easily

relaxed, if necessary, as discussed by Shapiro (Ref. 2). The steady-state flow equations, generalized to describe re-

acting flow (Ref. 5), can be written as

pf + u' + A' Z 0 (la)

u, = - P'/(IN2 ) 190 (1b)



CPT'= CpQ' + RP'/W (1c)

P1 = p' + T' - U' (d)

pudni/dx = ri  i = 1N... (le)

W = (Eni)'l (if)

W' = - W E ri/pu (g)

pu dQ/dx = - X hit i  (lh)

where a prime denotes the logarithmic derivative of a variable, e.g. T' = d(InT)/dx with the exception that by defini-

tion Q' a dQ/dx/(CpT). Here P, T, p, W, u, M, and R denote the gas pressure, temp~erature, mass density, molecular

weight, speed, Mach nunber, and universal gas constant, respectively. 0 denotes the heat energy per unit mass added to

the gas by chemical reactions. ni denotes the mole-mass ratio of species i which is the moles of species i per unit

mass of gas. The more familiar molar concentration, ci, and the particle number density, Ni, are expressed in terms of

the mole-mass ratio as ci = pni, and Ni = NAPni, respectively, where NA denotes Avogadro's nunber. hi and ri denote

the enthalpy per mole and the net molar production rate per unit volume of species i, respectively. 7 denotes the

ratio of the heat capacity per unit mass at constant pressure, Cp, to that at constant volume, CV, i.e. 7 = Cp/C V . In

terms of the heat capacity per mole at constant pressure of species i, denoted Cpi, and the mole-mass ratio of species

i, Cp = ZCpin i and analogously for CV . It follows from these definitions and the thermodynamic identity Cpi = CVi + R

that Cp = CV + R/W and Cp = (7/(7 -1))R/W. The Mach number is the ratio of the speed of the gas to that of sound at

tenerature T i.e. M = u/c where for an ideal gas c = (7RT/W)1/2 .

Equations (la), (ib), and (1c) follow from the requirements of mass continuity, Newton's second law, and energy

conservation, respectively. Equation (1d) follows from differentiating the equation of state for an ideal gas, P =

pRT/W. Equation (le) is the species continuity equation describing the molar rate of change of species i due to

chemical reactions. It is best expressed in terms of the species mote-mass ratios rather than molar concentrations or

particle densities since it is the mass of a flowing, expanding gas that is conserved, not the volume. Equation (if)

follows from the definition of the mote-mass ratio. Equation (1g) can be derived from Equations (le) and (if).

Equation (1h) defines dO/dx. The sums appearing in Equations (if), (1g), and (lh) are over all components of the gas

mixture including those which do not react since for the latter ri n 0 and ni is constant. Note that Equations (1) de-

pend only upon the logarithmic derivative of A and not A or dA/dx separately; dependence upon A enters through the

boundary conditions.

Since the molecular weight and its logarithmic rate of change, the specific heat of the gas, and the rate of heat

addition to the gas can be conputed if the mole-mass ratios are known, and the gas pressure can be obtained from the

thermodynamic equation of state if the gas density, temperature, and molecular weight are known, the state of the gas

can be coqletely specified by the thermodynamic variables p, u, T, A, and the mote-mass ratios, ni, i = 1...NR. In

other words, the vector y = (p,u,T,A,nl,n 2 ,...) forms a 'basis' with which to represent the state of the flowing,

reacting gas. Since the flow is one-dimensional y is only a function of distance along the duct, i.e. y z y(x).

The b(,undary condition required to conpete the specification of the problem is now briefly discussed. Here it is as-

sumed that the gas flowing into the laser cavity is spatially uniform across the extent of the cavity inlet plane and

that its density, velocity, tenperature, area, and species mote-mass ratios are known. Taking the cavity inlet plane

to be located at x = 0 and, denoting the value of y at this point by yo, the boundary condition is sinply

y(x) = Yo at x = 0 (2)

To recast Equations (1), subject to the boundary condition (2), into a form to which standard numerical solution tech-

niques and software for ordinary differential equations [ODE] can be applied, it is necessary that the spatial deriva-

tives of p, u, T, A, and ni, i = 1 ...NR appear only on the right hand side. Since the logarithmic derivative of the

area is specified and dW/dx and dQ/dx can be conputed from the state of the gas using Equations (1g) and (lh), Equa-

tions (la-d) are four equations for the Logarithmic derivatives of p, u, T, and A which can be solved to obtain

P1 = (0' - W' - M2A']/[M2 - 1] (3a)

u' = - P A' 191 (3b)



T' = ((.7M2 - 1)Q' - (, - 1)M2 (A'+ W')]/CM2 - 1] (3C)

A' = specified (3d)

Equations (3) together with the NR species continuity equations, (le), can be integrated numerically subject to the

boundary condition (2) to obtain the state of the gas as a function of distance downstream from the cavity inlet.

III. OXYGEN-IODINE KINETICS MODEL

In this section a brief review of the oxygen-iodine kinetics pertinent to optical extraction is presented. A more gen-

eral and critical review of the kinetics of the oxygen-iodine medium is given by PLummer et at. (Ref. 6) white a more

complete overview of CW COIL operation is given by Avizonis and Nuemann (Ref. 7). Although no specific recomnmendation

regarding a kinetics model for optical extraction was made by Plummer et at. (Ref. 6), from their general recommenda-

tions a rate package for optical extraction, similar to that recommended by Shea (Ref. 8), has been established. The

model is summarized in Table 1, in which I and I* denote I(
2P3 /2 ) and I(

2P1/2 ) states of atomic iodine, respectively.

TABLE 1. CAVITY KINETICS MODEL FOR OPTICAL EXTRACTION MODELING

No. REACTION RATE [cm 3 /s-particLe]

1. 1 + 02(
1A) 1 1* + 02 (

3z) 2.33x10"8 /T

2. I* + 02 (3E) - I + 02(1A) reverse of (1), K=0.75e(
40 1 42 /T)

3. 1* + H20 - I + H20 2.0x10
12

4. 1* + 02(1A) - I + 02(
1E) 4.Ox1O

24 T3 8 e(70 0/T)

5. 1* + 02(10A) - I + 02(
1A) 1.1x10

13

6. 1* + 02 (A)* I + 02 (
3 E) 0.0

7. 1* + 12 I + 12" 1.6x10lle(
272/T)

8. 12* + 02(1A) - 21 + 02(3E) 3.0x10 "10

9. 12* + 02 (3Z) - 12 + 02 (
3E) 5.0x10 "11

10. 12" + He - 12 + He 4.0x10 "12

11. 12" + H20 12 + H20 3.0x10 "10

12. 02 (1E) + H20 - 02( 1) + H20 6.7x10
12

Atomic iodine Lases at 1.315 gm on the magnetic dipole transition between the F'=3 and F=4 hyperfine Levels of the
2p1/2 and 2P3 /2 iodine electronic Levels, respectively. A population inversion can be produced between these levels by

collisional energy transfer from metastable excited 02 (
1A) to I via Reaction (1) which is exothermic. At room tempera-

ture the forward rate is about 7.6x10 "11 cm3/s-particle while the equilibrium constant is about 2.9. The energy defect

of the pump reaction is about 279 cm"1 .

In a flowing oxygen-iodine Laser 02( 1A) is produced by reacting an alkali hydroxide, eg. NaOH or KOH, with hydrogen

peroxide and flowing molecular chlorine in a separate rotating disk, aerosol spray, or sparger generator. Molecular

iodine is injected into the flowing stream of oxygen and is subsequently dissociated by the excited 02(1A) and 02(1E)

through a sequence of still incompletely understood reactions (Ref. 6). In order that the majority of the 02(1A) is

not spent dissociating the molecular iodine, the injected iodine densities are a small fraction, typically 1 to 2

percent, of the total oxygen density. With careful design of the injection and nozzle geometry, and Low water content

in the flow, the iodine is very nearly fully dissociated by the time it reaches the optical cavity.

In these devices water, a by-product of 02 (
1A) generation, is the primary species responsible for deactivation of the

excited iodine by Reaction (3) of Table 1. While much of the water is usually removed from the primary oxygen stream

by a cold trap prior to injecting the molecular iodine, its deactivation rate is Large enough that even small amounts

can potentially shut off the Laser. High water content in the flow is deleterious in several ways: 1) it causes the
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molecular iodine to be incompletely dissociated in the nozzle thereby necessitating Loss of excited iodine and oxygen

to dissociate it in the cavity, 2) water deactivates both excited atomic and molecular iodine adding heat to the gas

which slows the pump reaction, and 3) water deactivates I* which reduces the amount of excited iodine from which

energy can be extracted.

The energy pooling processes, Reactions (4), (5), and (6) of Table 1, also quench I* and are included in the present

model. Note that Plummer et at. (Ref. 6) have recommended a temperature-dependent rate for channel (4) but not for

(5). The recommended rate for channel (6) is zero. At the temperatures of present interest, - 150 K, the rate for (4)

is - 7.9x10"14 cm3/s-particLe making it somewhat Less important than channet (5) as a quenching mechanism. Under

conditions of interest here and for the rates summarized in Table 1 the rate of quenching due to each of reactions (4)

and (5) is about 1/20 that due to water. However, because the concentration of 02(
1 ) is several times that of H20

these energy pooling reactions are comparable in importance to (3) and are believed to be the major contributors to

the heat added to the gas. Note that white the quenching of I* by channel (5) does not destroy an 02 (
1 &), quenching by

channel (4) does. However since the rate of quenching of 02(
10E) by water is very rapid, - 6.7x10"12 cm3 /s-particLe,

the 02(
1a) is rapidly recovered, at Least for high water content.

The Heidner dissociation model (Ref. 9) is used to describe the dissociation of the molecular iodine by the 02(1A).

This mechanism consists of the energy transfer reaction from excited iodine to form an intermediate excited iodine

molecule, Reaction (7), followed by the dissociation of the excited molecular iodine through energy transfer with an

02(1a) molecule, Reaction (8). The rate for (7) recommended by Plummer et at. (Ref. 6) has not been used in the

present work since at Low temperatures it extrapolates to a value which is unrealisticaLly Large, i.e. - 102 times the

gas kinetic rate (Ref. 10), and because with the recommended value the model produced unrealistically Large SSGs. The

present value was derived by comparing the predicted gain with previously obtained experimental SSG data (Ref. 11).

Quenching of the excited iodine motecuLes by ground state oxygen, the heliun buffer gas, and water, which interrupts

the dissociation process, is also accounted for by including Reactions (9), (10), and (11) in the model.

Because Reaction (4) produces 02 (
1E) the first three electronic states of oxygen are retained in the model. Conse-

quentty, the quenching of 02 (O) by water to form 02 (
1A), Reaction (12), is also included in the model.

Although incomplete chlorine utilization is to be expected in practical 02(0A) generator systems so that chlorine

could be present in the Laser cavity, the chLorine-iodine catalytic chemistry (Ref. 6) has been neglected in the

present model. This is because under optimal generator operating conditions the chlorine utilization is very nearly

complete, 2 90%, and because preliminary modeling has shown that, although some 1* deactivation by chlorine occurs, it

has a smalt effect on the gain and power extraction. Also, although the rate of deactivation of I* by hydrogen perox-

ide is about ten times that of water, it is expected that the amount of hydrogen peroxide present in the cavity is

less than 1/50 the amount of water so that deactivation by hydrogen peroxide can be neglected. Finally, iodine

recombination chemistry has been neglected since recombination is negligible for the flow Lengths of interest here.

With these assumptions the equations describing the steady-state rate of change of the iodine and oxygen species are

pu dll*]/dx = + (kF1A, - kR3zl*) - 1*/. - S (la)

pu dCIl/dx = - (kFl'! - kR3EI*) + [*/f + 2k8 1A12* + S (1b)

pu d[1A]/dx = - (kF1 I - kR3 El*) - (k4 + k6 )lMl* - k8
1 12" + k12

1EH20 (c)

Pu d[3E]/dx = + (kFl'& - kR3 l*) + k6 1AI* + k8lA12* (1d)

pu d(1Z]/dx = + k4
1Ml* - k12

1EH2 0 0e)

pu d[12]/dx = + (k9
3Z + kloHe + kllH20)l2* - k7 I*12  (if)

pu d[12*1/dx = + k71*12 - k81 + k93- + k1oHe + kllH 20)12* (1g)

1/ = k3 H2 0 + (k4 + k5 + k6 )
1 A + k7 12  (lh)

and (i] and i denote the mote-mass ratio and molar concentration of species i, respectively, kF, K, and kR n kF/K de-

note the forward reaction, equilibrium, and reverse reaction rates of (1) in molar units, ki denotes the rate of reac-
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tion i as Listed in TabLe 1 in molar units, 1/y denotes the total quenching rate of 1*, and S denotes the molar stimu-

lated emission rate per unit volume, the specific form of which wiLt be discussed in Section V. As expected Equations

(1) imply that both the total mote-mass ratio of iodine atoms and oxygen molecules are conserved. Also, as a conse-

quence of incomplete iodine dissociation, the sum of the net molar production rates per unit volume of the reacting

species is non-zero, i.e. Eri = k8A12* # 0 and, as a result, the molecular weight of the gas mixture is not constant.

In the present model the temperature dependence of the specific heat and enthalpy for each species present in the gas

was taken into account. For atomic iodine and helium as well as the residual water and chlorine in the mix the

specific heats are assumed constant and the enthaLpy computed using standard thermochemical theory (Ref. 12). For

oxygen and molecular iodine it is necessary to account for the temperature dependence of the specific heat due to its
vibrational and rotational modes. This was done using the standard representation of the specific heat and enthatpy in

terms of the spectroscopic constants of a diatomic molecule (Ref. 13).

IV. VELOCITY CROSS-RELAXATION MOOEL

A. BOLTZMANN FORMALISM

The Kan and Wotga cottisionat relaxation model for CO2 Lasers (Ref. 14), in which the Lasing atom velocity

distribution is described by a simple relaxation equation, is appropriate for a Lasing species of Low molecular weight

in a heavier diluent gas since the momentum transfer to the Lasing species is Large. The relaxation or strong collis-

ion model was used by Zagidutlin et at. (Ref. 15) to describe cottisionat relaxation effects in the oxygen-iodine

medium. However, the strong collision model is not weLl-suited for this medium, since iodine is a heavy species in

comparison with the usual reacting and buffer gases, e.g. 02 and He (Ref. 19). In this case momentum transfer to

iodine by coLLisions with 02 and He is small and the effect of collisions upon the distribution of Lasing molecules

should be described by a diffusion equation (Refs. 16, 17, and 18). Paxton (Ref. 19) recently used such a diffusion or

weak collision model to describe velocity cross-relaxation effects in oxygen-iodine lasers. As shown here both models

can be derived from the Boltzmann equation.

Letting v denote that component of the gas velocity in the z-direction along which the radiation in the cavity is as-

sumed to be propagating then the population distribution of molecules in either the upper or tower laser level can be

described, in general, by the following Boltzmann equation (Ref. 14)

pD[n(v)]/Dt = P - 0 ± S - (f dv's(vv')n(v) - f dv's(v',v)n(v')) (1)

where [n(v)] and n(v) denote the mote-mass ratio per unit velocity and molar concentration per unit velocity, respec-

tively, of molecules whose velocity ties between v and v+dv; P, 0, and S denote the pumping, quenching, and stimulated

emission terms appropriate to the Laser chemistry under consideration; s(v',v) denotes the probability per unit time

per unit velocity that a particle with velocity v' will scatter into dv about v; p denotes the mass density; and D/Dt

denotes the convective derivative slat + ua/ax. The first argument of s denotes the initial velocity white the second

denotes the final velocity. The first term in brackets describes collisions which cause molecules to scatter molecules

out of v white the second term describes those that scatter into v. Note that P, 0, and S depend on the velocity, v,

as discussed in Section V.

To describe cottisionat cross-reLaxation phenomena KeiLson and Storer (Ref. 16) proposed using the approximate Kernat

s(v,v') = r-1 (0/1) 11 2 exp(-P(v,-7v)2 ) (2a)

0 = 1 - 72)w2]" I  (2b)

Here r denotes the mean free time between collisions, - denotes ratio of the average velocity after collision to that

before collision which is given approximately by the ratio M/(M+m), N denotes the molecular mass of the Lasing

species, m denotes the molecular mass of the buffer gas, and w denotes the average thermal velocity of the lasing gas

which is (2kT/M)1/2 where k denotes the Boltzmann constant. As discussed by Keilson and Storer (Ref. 16) and Rautian

(Ref. 18) the kernel S satisfies certain general constraints and is appropriate to treat either strong or weak cot-

tisions.

Consider the strong collision limit of a Light-weight Lasing species in a heavy-weight diLuent gas. In this case each

collision of the lasing species with the buffer gas entails a Large momentum transfer, 7 a 0, and the distribution of
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Lasing molecules after a collision is nearly independent of their initial velocity v. In the limit -y = 0, the kernaL

(2) becomes

s(vv') = r'- f(v') (3a)

f(v') = (1/wff1/2 ) exp(-(v'/w)2 ) (3b)

and equation (1) for the population distribution becomes

pD[n(v)]/Dt = P - Q ± S - 1 (n(v) - f(v)fdv'n(v')) (4)

which has the form of a relaxation equation, in which the population n(v) relaxes to a Boltzmann distribution, f(v),

at a rate 1/f.

Now consider the weak collision limit of a heavy-weight Lasing species in a Light-weight diluent, as is the case for

the oxygen-iodine Laser. In this case, each collision results in a relatively small velocity change of the lasing

species, 1 - I << 1, and the velocity of the Lasing species after a collision is very nearly what it was before the

collision. Substituting the kernal (2) into (1) we find

pD~n(v)]/Dt = P - Q ± S - r'l(n(v) - (I/) 1/2 fdv'exp(-P(v-.v')2 )n(v')) (5)

Notice that in the Limit 7 - 1, s(v,v') - (1/7) 6(v'-v), and the bracketed term of (1) is absent, i.e. there is no

change in the velocity after the collision and hence no change in the distribution of molecules. Equation (5) is an

integral form of the weak collision model.

A differential form of the weak collision model can be derived by using the Fokker-Ptanck approximation to evaluate

the integrals in (1). Following the procedure, as outlined in Ref. 16, we find

pD[n(v)]/Dt = P - Q ± S + a/av(Dl(v)n(v) + a/av(D2 (v)n(v))) (6a)

1 (v) = fdv'(v - v')s(v,v') (6b)

D2 (v) = Yafdv'(v - v')2 s(v,v') (6c)

are the first and second diffusion coefficients which are expressed in terms of the moments of the kernaL S. Since the

Fokker-Planck expansion of the integral equation has been truncated at two terms, self-consistency of the resulting

diffusion equation requires that, at equilibriun, the particle flux density in velocity space be zero (Ref. 17) or

that

(Dl(v)nB(v) + a/av(D2(v)nB(v)}) = 0 (7a)

where nB(v) = nof(v) denotes the Boltzmann equilibrium distribution function and no denotes the total particle concen-

tration. Substituting nB(v) into (7), differentiating, and solving for D1 yields

D1 = (2v/w
2 )D2  (To)

so that Eqn. (6) may be written as

pO[n(v)]/Dt = P - 0 ± S + Da/av(an(v)/av + (2v/w2 )n(v)) (8)

where D n D2 is the velocity space diffusion coefficient which has been taken to be independent of the particle veloc-

ity. Equation (8) is the appropriate differential form of the weak collision model.

A relationship between the integral and differential forms of the weak collision model can be obtained by evaluating

the D coefficients in Eqn. (6) using the approximate Keitson-Storer kernal (2) for S. Evaluating the required

integrals yields

01 v) = (1 - 7)v/f (9a)

D2 (v) = (1- I 2 )w2/(4f) + (1 - 7)2v2 /(2,) (9b)

so that to lowest order in (1 - 7) << 1
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(2v/w2 )D2 = (1 - 7)v/r 0 01 (10)

as required by (7b).

Since Equation (8) is a second-order partial differential equation in t, x, and v, boundary conditions in x and v and

an initial condition are required. The boundary conditions in v are obtained by demanding that the total number of

particles, n a fn(v)dv, be conserved. Integrating Equation (8) over velocity and imposing this requirement requires

that the particle flux in velocity space vanish as v - t w or

an(v)/Ov + (2v/w2 )n(v) = 0 as v - ± 0 (11)

As a practical matter when implementing the weak model it is preferable to use the differential form, Equation (8),

rather than the integral form, Equation (5), since the differential form avoids any assumptions about the exact form

of the kernel s. Furthermore, numerical evaluation of the derivatives in (8) Leads to a sparse matrix whereas

numerical evaluation of the integrals in (5) Leads to a non-sparse matrix. Finally, as discussed below, the required

velocity diffusion coefficients can be directly related to the spatial diffusion coefficient whereas the constants 1/k

and 1, required by the integral form, depend upon the assumptions about the kernal and are less directly derivable

from the avaiLable experimental database.

It should be emphasized that white the weak model is theoretically more correct for treating the oxygen-iodine Laser

it may be difficult to distinguish between the strong and weak models since the competition between pumping,

quenching, stimulated emission, and velocity cross relaxation may mask any such differences. In other words because of

the fast pump rate of iodine by o2(a) and the assumptions about the nascent distribution of 1* and I atoms produced
[for which there is Little experimental data] these effects may overwhelm and hide the differences between the two

relaxation models. Furthermore, the experimental database which is available to compare the two models may not allow

an unambiguous distinction between the models to be made.

B. FORMULAS FOR ESTIMATING THE VELOCITY DIFFUSION COEFFICIENT

In this section the approach used to estimate the required velocity diffusion coefficients is discussed. As shown by

Landau and Lifshitz (Ref. 17a) the spatial diffusion coefficient, DS, for a small concentration of heavy particles in

a light diluent is

Os = 3(kT/m)2/(N<uTv3>) (12)

where N denotes the total number density of gas, eT denotes the momentum transfer cross section, v denotes the speed

of a particle of reduced mass mM/(m+M), m denotes the mass of the light diluent gas, M denotes the mass of the heavy

species, and the brackets denote an average over a Boltzmann distribution. Equation (12) applies to a binary mixtures

of the particles; mixtures will be discussed below. Landau and Lifshitz (Ref. 17b) also discuss the momentum space

diffusion equation for a heavy particle in a Light diluent and derive the momentum diffusion coefficient, DM, which is

related to its velocity space counterpart, OV, by Ov = DM/M2 . The velocity diffusion coefficient for a small

concentration of heavy particles in a light diluent is (Ref. 17c)

Dv = N<OTv3 ,(m/M) 2/3 (13)

It follows from (12) and (13) that Dv can be expressed in terms of DS as

Dv a (kT/M)2 /Ds (14)

so that given DS at a particular temperature and pressure Dv can easily be computed.

Since mixtures of interest to the oxygen-iodine Laser contain, in addition to iodine, a substantial amount of both

oxygen and a helium buffer gas, the velocity diffusion coefficient of iodine in a mixture of He and 02 is required.

This can be determined with the aid of the Stefan-MaxwetL relation (Ref. 4) which states that the effective binary

spatial diffusion coefficient for a species 1, DSI, In an n component mixture is

1/DS = (Ej(l/Ds5 j)(xjN, - xINj)]/[NI - xlIZCNKI (15)
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where DSIJ denotes the binary spatial diffusion coefficient of species I in species J, x, denotes the mole fraction of

species I, NI denotes the molar flux of species I which is given by c~v1 , where cl and v, denote the concentration and

velocity of species I, respectively, and E denotes the sum over the components of the mixture. In the present case

(15) can be simplified considerably by taking the index I to denote iodine, and recognizing that since v, < v0 2 < v

and c1 " c0 2 , CHE it follows that N, << N0 2 , NHE. Using this, the definition Nj, the fact that vj a (Mj) "1/ 2 , and

relation (14), the velocity diffusion coefficient of iodine in mixtures of oxygen and helium is approximately given by

Dv = xOVO2 + (1 - X)DVHE (16a)

x a 01 + (CHE/cO2)(MO2/MHE)I1/2)
1  (16b)

Observe that if there is no helium in the mix x = 1 and DV = DVO2 whereas if there is no oxygen in the mix x 
= 0 and

DV = DVHE, as expected.

C. VELOCITY DIFFUSION COEFFICIENTS FOR I IN He AND O2 MIXTURES

For the ground state of iodine experimental values of the spatial binary diffusion coefficient of iodine in 02 and He

are not available. However, the spatial diffusion coefficient for binary mixtures of non-poLar gases, whose

interaction potential can be represented by a Lennard-Jones potential, can be estimated using the Chapman-Enskog

kinetic theory (Ref. 4). To obtain the velocity diffusion coefficient of iodine in a particular species the spatial

diffusion coefficient for iodine in the species was computed at one atmosphere for temperatures ranging from 100 K to

300 K and then Least-squares fit to the following temperature- and pressure-dependent form

Ds = A(T/300)n(760/P) (17)

Once the fit parameters A and n for the spatial diffusion coefficient of a species have been determined the

corresponding velocity diffusion coefficient is computed from (14). The total velocity diffusion coefficient for

iodine in mixtures of oxygen and helium is then computed using (16). In the present work the Lennard-Jones parameters

for the gases of interest, except atomic iodine, were obtained from the experimental data correlation of SvehLa (Ref.

20). For iodine, rather than use the theoretical estimates provided by SvehLa, the experimentally inferred parameters

of Hayhurst and Springett (Ref. 21) were used. The Lennard-Jones parameters a and c for He, 02, and I were taken to be

2.551 A and 10.22 K, 3.467 A and 106.70 K, and 4.360 A and 300.0 K, respectively.

The computed fit parameters A and n for the spatial diffusion coefficient of iodine in He and 02 at one atmosphere are

summarized in Table 2. The maximum error in the fits was s 7" over the temperature range 100 to 300 K. For 02, since

the temperature dependence of DS is very nearly quadratic over the range 100 to 300 K, the velocity diffusion coeffi-

cient is nearly independent of temperature, and the value of Dv reported in Table 2 is that computed at 200 K. Over

the temperature range of interest here this value suffices to estimate Dv. For He the temperature-dependent form is

obtained by substituting (17) with the appropriate fit parameters into (14).

For the first excited state of iodine a different approach was used to estimate the required diffusion coefficients

since experimental date, summarized in Table 3, for the spatial diffusion of 1* atoms in the rare gases at 300 K and 1

atmosphere pressure is available (Refs. 15 and 22). Observing that DS a W-
1/2 , where W denotes the reduced molecular

weight of the collision partners (see Ref. 4], a semi-empiricaL correlation of iodine's diffusion coefficient at 300 K

and 1 atmosphere pressure was used to obtain the corresponding diffusion coefficient in 02. A Least squares fit of the

data of Abrahamson together with the value for Xenon reported by Zagiduttin, and the value zero when W"1/2 = 0 yields

DS = 1.9073/W 1/2 - 0.0346 (18)

with a regression coefficient of 0.98 indicating a very good correlation. For 02 the value of DS at 300 K and one

atmosphere obtained from (18) is 0.3427 cm2 /s and, observing that the temperature dependence for the ground state DS
is almost exactly quadratic, the temperature dependence for the excited state Ds is taken to be quadratic. For He, Ds

is assumed to vary as T3 /2 , as follows for a rigid sphere interaction potential (Ref. 4). The fit parameters A and n

for the temperature- and pressure-dependent form (17) of the spatial diffusion coefficient and the corresponding

values of the velocity diffusion coefficient, as computed from (14) and (17), are sunmarized in Table 2.

Now the magnitude of the velocity diffusion coefficients is estimated for gas mixtures of interest here. Since 7HE

0.969 white 702 - 0.799, during collisions of iodine with oxygen more momentum is transferred from oxygen to iodine

197



than in a collision of helium with iodine. In this case one would expect DV for oxygen to be larger than for helium.

S:nce D c (1 - 7) (see Eqn. (10)], all other things being equaL, one has Do2/DHE = (1 - 102)/(1 - 7HE) = 6.5. Using

the values derived in TabLe 2 it follows that at 2.2 Torr and 135 K D02/DHE is - 4 to 5 which is roughly consistent

with this estimate.

TABLE 2. THE DIFFUSION COEFFICIENT FIT PARA4ETERS AND THE VELOCITY DIFFUSION COEFFICIENT FOR I AND I* IN He AND 02

SPECIE Ds=A(T/300)n760/P Dv at 1 atm DS  DV Total Dv

[at 2.2 Torr and 135 K]

A (cm2/s) n (cm/s)2 /s (cR2/s) (cm/s)2/s (cm/s)2/s

I-He 0.497058 1.73767 1.75x1016T0 "262  43.3 1.8x10 14

I-O2 0.109400 1.95501 3.50x10
17  7.7 1.0x10 15

1*-He 0.95 1.5 2.35x1O15T0 "5  100.1 7.8x10 13

I*-O2  0.3427 2.0 1.1Ox1O 17  24.0 3.3x1014

TABLE 3. EXPERIMENTAL DATA OF ABRAHANSON (REF. 22) AND ZAGIDULLIN (REF. 15) FOR THE SPATIAL DIFFUSION COEFFICIENT OF

I* IN THE RARE GASES.

SPECIE MOLECULAR wt W"1/2  Ds at 300 K AND 1 ATM

WEIGHT ZAGIDULLIN ABRAHAMSON

(gm/mot) (cm2 /s) (cm2/s)

He 4.00 3.8778 0.5078 1.02 0.95 ± 0.09

Ne 20.179 17.4105 0.2397 0.40 0.40 ± 0.03

Ar 39.994 30.4100 0.1813 0.41 0.36 ± 0.06

Kr 83.8 50.4709 0.1408 0.11 0.11 ± 0.02

Xe 131.3 64.5313 0.1245 0.25

fReduced Molecular Weight

Next consider the magnitude of Dv of the upper state relative to the Lower state. From the values in Table 2 we find

at 2.2 Torr and 135 K that DU/DL = 0.33 for oxygen and Du/DL = 0.43 for helium where DU and DL denote the species

upper and lower velocity diffusion coefficient, respectively. This is consistent with the fact that the spatial

diffusion coefficient for the excited state is two to three times that of the ground state. Under these conditions

DI/D,* - 2.5, where Di denotes the total velocity diffusion coefficient for the species i, and thus, since the lower

level re-equilibrates somewhat faster than the upper level, one would expect on the basis of these estimates that the

reduction of the inversion due to a build-up of molecules in the tower level, sometimes referred to as

'botttenecking', would not be too significant.

However, there is no apriori reason to expect the spatial diffusion coefficient of excited iodine [for which there is

experimental data] to differ very much from that of ground state iodine Efor which there is no direct experimental

data] since the long-range interaction potentials should not be too different (Ref. 23). In this case one would expect

DU D DL. Considering the method by which the Lennard-Jones potential parameters are inferred from the transport data

and the fact the spatial diffusion coefficient for the excited state is two to three times the computed value for the

ground state, one would have to conclude that the present estimates, white reasonable, may be in error. These uncer-

tainties motivated, in part, the need to examine the influence of these rates upon Laser output.
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V. GAIN AND STIMULATED EMISSION

In this section the pump, quenching, and stimulated emission terms in the diffusion Equation (IV-8) appropriate for

the oxygen-iodine Laser are discussed and the expressions used to compute the gain are summarized. The pump rate

distribution, P(v), is determined by the distribution of I* atoms between the transLational degrees of freedom and the

hyperfine LeveLs whenever an iodine atom is produced. Following ZagiduLLin (Ref. 15) it is assumed that the iodine

atoms are produced with a Maxwellian velocity distribution. Here relaxation among the hyperfine sublevels is assumed

to be sufficiently fast that the Levels remain in statistical equilibrium regardless of the imposed flux. As a

consequence only Lasing on the 3 - 4 transition needs to be considered. It is not difficult to generalize the model to

account for a finite hyperfine relaxation rate (Ref. 24).

Let Cl*(v)] and 1*(v) denote the total moLe-mass ratio and molar concentration per unit velocity, respectively, of the

excited iodine atoms and simiLarLy for the ground state iodine atoms. Since the hyperfine Levels are populated

statisticaLLy the population of a particular hyperfine LeveL, f, of I* for example, is given by (gf/g*)l *, where gf

and g* denote the degeneracy of sublevel f and the total degeneracy of the I* LeveL, respectively. Let D* and D denote

the I* and I Level velocity diffusion coefficients. With this notation, and the above assumptions regarding hyperfine

relaxation and the pump rate, the equations describing the steady-state rate of change of the upper and lower laser

Level population distributions are

pu dCl*(v)]/dx = + kF laif(v) - (kR3E + 1/1)I*(v) - S(v) + D*61*(v)/Sv (la)

pu dli(v)]/dx = - kFlal(v) + ((kR3Z + 1/)I* + 2k8 1 l2*)f(v) + S(v) + D61(v)/Sv (1b)

where by definition 61(v)/6v 8 a/8v(a1(v)/av + (2v/w2 )I(v)) and I* = fdvl*(v) and I = fdvl(v) denote the total excited

and ground state iodine populations, respectively, and the remainder of the notation is as in Sections III and IV.

Prior to describing the molar stimulated emission rate per unit volume per unit velocity, S(v), it is necessary to de-

scribe the field which stimulates the medium. Since the present objective is to develop a kinetics model which can be

used as part of an optical model to determine the fields within an oscillator or amplifier the total magnetic field is

the sum of several travelling waves which may have different frequencies and/or directions. With this in mind consider

the stimulated emission rate appearing in Equation (1). The molar stimulated emission rate per unit volume per unit
velocity can be derived using the well-known density matrix formalism, modified to include the motion of the atoms,

and making the usual rate equation approximation (Ref. 25); the result for S(v) is

S(v) = (o/ho)E(Fmm(v) + Fm.tm_(v))(I*(v) - WI(v)) a R(v)(I*(v) - I(v)) (2a)

xm(v) =(V/&vC)2/[(Mm± - 0(1 ± v/c))2 + ('/zvc) 2] (2b)

0= (7/12)(A02/8) A ('iic)'1  (2c)

where hmo, YO n c/Xo, and o denote the photon energy, frequency, and effective stimulated emission cross section of

the 3 - 4 transition at Line center, respectively, A denotes the Einstein A-coefficient of the 3 - 4 transition which

was taken to be 5.0 s-1 (Ref. 26), Xm*(v) denotes the dimensionless DoppLer-shifted Lorentzian at frequency wm and ve-

Locity v, ALC denotes the coLlision Linewidth (FWHM), FmI denotes the time-averaged intensity of the mth field trav-

elling in the ±z direction, and Vm denotes the frequency of the mth stimulating field. The factor of 7/12 appearing in

o accounts for the degeneracy of the hyperfine leveLs. Equation (4a) serves to define R(v), the total stimulated
emission rate at v. Here the Line shifts and asymmetries in the fieLd-atom interaction caused by collisions have been

neglected since the resulting Line shifts, &YS, satisfy aPS/AYC s 0.1 (Refs. 26 and 27).

The collision tinewidth may be expressed as (Ref. 1)

AvC = (To/T) 1/2pW znir i  (3)

where ri denotes the Line-broadening strength of species i per unit pressure (FWHM) at a reference temperature To and

the remaining notation is as in Section II. For He the experimental value of r obtained by Padrick and Palmer (Ref.
27) was used. For water r was estimated semi-empirically from the data of Padrick and Palmer by linear interpolating a
plot of r versus molecular weight in accord with the theoretical dependence of r upon molecuLar weight (Ref. 1). For
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iodine and oxygen the values recommended by Shea (Ref. 8) were used. At a reference temperature of 298 K the values of

r for He, H20, I, and 02 were taken to be 3.6, 5.5, 16.2, and 7.5 MHz/Torr, respectively.

Observe that the equations describing the steady-state rate of change of I* and I, Equations (1I1-la) and (Ill-1b),

respectively, are obtained by integrating Equations (V-i) over velocity. Thus, the total molar stimulated emission

rate per unit volume, S, appearing in Equations (11I-1) is

S a fdvS(v) = E(gnFm+ + gm.Fm.)/NAhmO (4a)

gnt = aONAfdv(l*(v) - %I(v))tm±(v) (4b)

gmt denotes the gain at vnm, in units of cm"1 , corresponding to the m field.

VI. SOLUTION ALGORITHM

The above gain model was used in conjunction with a three-dimensional geometric optics model of a confocal unstable,

standing-wave resonator (Ref. 30) to parametrically explore the effects of velocity cross-relaxation and mode separa-

tion upon Laser output. This optical extraction model treats the variation of the gain along the optical direction us-

ing the well-known gain sheet method (Ref. 31) and determines the lowest-loss modal distribution iteratively in a man-

ner similar to that employed by Fox and Li (Ref. 32). Beginning with an estimate of the optical beam at the feedback

mirror the beam is geometrically propagated to the Location of the first gain sheet where the Loaded gain is computed

by integrating the medium equations (see below]. This gain is applied to the field and the field propagated to the

next gain sheet where the process is repeated. The calculation continues by geometrically propagating the beam through

the remainder of the resonator, computing the gain as necessary, until a roundtrip has been completed and a new esti-

mate of the output field and feedback beams are obtained. This procedure is repeated iteratively until the output

power converges to a specified tolerance. The extraction model does not include frequency shifts due to the medium's

anomalous dispersion. Because the medium in a standing-wave resonator may Locally experience fields traveling in both

directions, and because the gain model explicitly accounts for inhomogeneity of the transition due to Doppler broaden-

ing, fluxes of the same frequency which travel in opposite directions acquire different gains since they interact with

different velocity groups of molecules.

Given an estimate of the resonator flux distribution, when the Loaded gain is required, it is necessary to integrate

the coupled medium equations :onsisting of the flow Equations, (11-3), the species continuity Equations, (Il-1), and

the laser level velocity distribution Equations, (V-i), subject to the boundary conditions (II-2) and (IV-11). To

integrate these partial differential equations (PDE) the approximation that

Ipu a[n(v)]/ax - Ir(v)l (1)

where here r(v) denotes the right hand side of Equation (V-i), has been made. This implies that at each point along

the flow the iodine velocity population distributions remain in quasi-equilibrium. With this approximation, the

coupled PDE's devolve into a set of OOE's in x for the flow and species variables and, at each x, a set of OOE's in v

for the laser level velocity distributions. Equations (V-i) become

D*a/av(81*(v)lav + (2v/w2 )l*(v)) + P*f(v) - Q*(v)l*(v) + YR(v)l(v) = 0 (2a)

D 8/v(8l(v)/8v + (2v/w2 )1(v)) + Pf(v) - Q(v)l(v) + R(v)i*(v) = 0 (2b)

P* = kF1AI (2c)

P = kR3Z1* + I*/T + 2k81&12 *  (2d)

Q*(v) = kR 3E + 1/f + R(v) (2e)

0(v) = kF1 & + %R(v) (2f)

and the remaining notation has been previously defined. P* and Q*(v) denote the total pump rate and quenching rate at

v of I* atoms, respectively, and similarly for P and 0(v). Notice that Equations (2) depend only parametrically upon

the gas temperature, pressure, and total species densities, etc. Thus, at each point along the flow, given the total

populations of the various species and the gas temperature, pressure, etc. Equations (2) are the coupled OOE's to be

solved, subject to the boundary conditions, Equations (IV-11), for the velocity distribution of the lasing
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populations. The total populations, gas temperature, etc. are determined by integrating the coupled ODE's, Equations
(11-3) and (111-1), describing the chemically reacting flow subject to the boundary condition (11-2). When integrating

the later equations Hindmarsh's implementation of Gear's method for stiff ODE's is used (Ref. 35) and the total stimu-

Lated emission rate, S, appearing in Equation (111-1) is determined at each point along the flow by solving Equations

(2) for I*(v) and I(v) and then integrating S(v) over velocity. The method of solving (2) is discussed in the

Appendix.

VII. RESULTS AND DISCUSSION

To apply the model it is necessary to specify the 02 (
1a) number density, gas temperature, Mach number, etc. which can

be done in a variety of ways provided the required parameters are seLf-consistent. Table 4 summarizes the nominal

operating conditions used in the present study from which the model parameters are derived as discussed in Ref. 33.

Here, for simplicity, the gain height and width were each taken to be 10 cm. For these conditions the power avaiLable

per unit nozzle area is - 175 W/cm2 , assuming the cost to dissociate the 12 in units of 02(1&) molecules is 5. The

resonator configuration was identical to that used by Buttock and Yun (Ref. 34) in their study of adjoint-coupled

iodine Lasers except that its Length was taken to be 10 m so that the mode separation, - 15 MHz, was comparable to the

collision tinewidth, - 14.4 MHz (FWHM), for the present medium conditions. The Doppler Linewidth in MHz is given ap-

proximately by 14.49T1/2 which is - 168 MHz (FWHM) at 135 K.

Figure 2 shows the extraction efficiency defined as the ratio of the Laser output power to the power available as a

function of the degree of gain saturation when the velocity diffusion coefficients are infinitely fast. Here the
degree of gain saturation is characterized by the ratio of the SSG averaged over the spatial extent of the mode along

the flow direction, <go> , to the resonator threshold gain, 9THR- For these calculations, performed by keeping the
resonator feedback ratio constant and varying the medium gain Length, the spatiaLLy-averaged SSG was 0.825 %/cm. As

shown in the figure when the ratio <go>/gTHR exceeds 1.5 the extraction efficiency is in excess of 60%. Also, as

expected, when the average spatial gain equals the threshold gain the resonator fails to Lase.

The effect of finite velocity cross-relaxation upon Laser power is shown in Figure 3 in which the output power for fi-
nite velocity diffusion relative to the output power for infinitely fast velocity diffusion is shown as a function of

the relative velocity diffusion rate for differing degrees of gain saturation. In Figure 3 a relative rate of one cor-

responds to the total velocity diffusion values (DV) summarized in Table 2 and both the upper and Lower level velocity

diffusion coefficients were reduced by the same relative factor. White the effect of finite velocity cross-reLaxation

is, in general, to reduce the power which can extracted from the medium, notice

TABLE 4. NOMINAL OPERATING CONDITIONS

PARAMETER VALUE PARAMETER VALUE

Chlorine Flow Rate 5.0 MoL/s 12 Dissociation Fraction 95 X

Chlorine Utilization [02/C12] 95 % Water MoLe Fraction 1 X

Primary DiLuent Ratio EHe/CL2] 3/1 Cavity Mach Number 2

02 (
1&) Yield at the Nozzle Exit 50 % Cavity Temperature 135 K

Secondary Helium Flow [He/ 2] 40/1 Cavity Pressure 2.2 Torr

Fuel Ratio [12/CL2] 1.5 %

that the relative degradation is considerably Less if the medium is weLL-saturated, when <go>/gTHR = 1.927, and much

more pronounced near the Lasing threshold, when <go>/gTHR = 1.156. As will be seen below, when the medium is better

saturated more modes can Lase and thus, more of the available Laser energy under the Doppler Linewidth is extracted.

The number of modes which Lase is also dependent on the rate of velocity cross-reLaxation. Figure 4 shows the spa-

tially-averaged SSG as a function of frequency, relative to atomic line center. For a given mode separation the

maximun number of modes is simply the number of modes for which the average SSG ties above the threshold gain, which

is indicated by a horizontal line. With a 15 MHz mode separation a maximum of 5, 7, or 11 modes can Lase at the
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indicated degree of gain saturation. The actual number that Lase is dependent upon the degree of medium inhomogeneity

which is determined by the velocity cross-relaxation rate. Figure 5 shows the number of Lasing modes as a function of

the relative velocity diffusion rate for a given degree of gain saturation. In all three cases, for the present medium

conditions, when the relative velocity diffusion rate is 1/1000 of the nominally estimated value, the medium is behav-

ing 'fully' inhomogeneousLy, i.e. the maximum number of modes is observed. Notice that when the medium is weLL-satu-

rated aLL the modes under the DoppLer profile Lase, which is why the reduction in power relative to the infinite rate

is Less than if the medium is poorly saturated. At the other extreme, when the velocity diffusion rate is sufficiently

fast, only one mode Lases and the medium behaves homogeneously. Because the estimates of the velocity diffusion

coefficients made in Section IV-C may be in error by a factor of as much as - 10 it is expected that the oxygen-iodine

Laser behaves as neither purely homogeneous or inhomogeneous but instead exhibits a 'mixed' broadening behavior.

The relative power in each mode as a function of the relative velocity diffusion coefficient for <g0>/gTHR ratios of

1.927 and 1.345 is shown in Figures 6 and 7, respectively. As mentioned above, for a given rate more modes lase if the

medium is more saturated since then more of the gain profile is above threshold. Also, as the relative diffusion rate

decreases more modes lase, as expected, since the medium is then more inhomogeneous. Notice that for intermediate dif-

fusion rates the distribution of modes is not a simple 'bell' distribution. For example, when the medium is welt-satu-

rated and the relative rate is 1/10 its nominal value there is slightly more power in the modes at 30 MHZ than the re-

maining modes, even those at Line center or ± 15 MHz. A belt distribution only results if the velocity diffusion rate

is sufficiently stow or the strong relaxation model were appropriate and all the molecules, regardless of velocity,

relax toward a Boltzmann distribution at the same rate. The relative peaking of these modes near the outer edge of the

spectrum is because, in the weak collision model, molecuLes with different velocities relax to equilibrium with a rate

that depends upon the local distribution. in addition, molecules in the Itaits' of the distribution, where the gain is

below threshold, can diffuse 'inward' where the gain is sufficient that they are extracted.

Finally the effect of mode separation upon the spectral distribution of the Laser was briefly examined. Figures 8 and

9 show the output power in each mode normalized to the peak mode power as a function of the mode separation of the

resonator for relative velocity diffusion rates of 1/3 and 1/10, respectively. For a given diffusion rate the total

power was nearly constant, independent of the number of modes that Lased. Notice that lasing occurred on at of the

available modes when the resonator Length was doubted so as to decrease the mode separation from 15.0 MHz to 7.5 MHz.

ALL the available modes Lase even though the mode separation is Less than the collision tinewidth. More importantly,

as can be seen from the figures, the spectral shape or profile is very nearly independent of the number of Lasing

modes.

A model of the flowing oxygen-iodine gain medium has been developed and used with a muLti-mode geometrical optical ex-

traction model to explore the effect of incomplete velocity relaxation and mode separation upon optical extraction.

Although not a comprehensice review of the the effect of all of the variables affecting optical extraction from the

oxygen-iodine medium under Low-pressure CW conditions these exanples indicate the character of that extraction and

show some of its important dependencies.

APPENDIX

To solve Equations (VI-2) in the finite region r-vMAX, vMAX] a standard finite difference technique (Ref. 29) is em-

ployed. Since the boundary condition in v contains both the unknown function and its derivative at the boundary a grid

with its first and Last sample points outside the finite region -vMAX, vMAX] is used. Denoting the total number of

sample points within the region [-vMAX, vMAX] by K the sample points are taken to be located at

vk 2 -VMAX + (k - )v k = 0,1...K,K+1 (A-1)

where Av = 2vmAx/K. The points vk, k = 1...K, Lie within the region [-VNYx, vkAx]. The "virtuaL" points v0 and vK+1

are shifted by WMv from the boundaries at -vMAX and vMAX, respectively. With K chosen odd there is a sample point at v

= 0. TypicaLly, to adequately span the velocity distribution of the Lasing atoms, VMAX, fixed throughout the

computation, is taken to be several times the average thermal velocity of the atoms at x = 0, i.e. vMAX = Swo, where s

3 to 4 and w0 = (2RT/W)
1/ 2 .
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In discretizing the ODE's (VI-2) only the values of 1*(v) and 1(v) at vk for k = 1...K are computed since the boundary

conditions at ±vmAx are used to eliminate the values of l*(v) and I(v) at v0 and VK+1 . This is done as follows. At -

vMAX, n and an/av are approximated by the first-order correct finite differences (Ref. 29)

n = %(n, + no ) (A-2a)

8n/av = (n1 - no)/Av (A-2b)

white at vMAX the corresponding approximations

n = %(nK+1 + nK ) (A-2c)

an/av = (nK+I - nK)/Av (A-2d)

are used. Substituting the finite difference approximations (A-2) into the boundary conditions (IV-11) and solving for

the values of the unknown, n, at the points v0 and vK+1 we find

no  : an1  (A-3a)

nK+1 = anK  (A-3b)

a = E1 - (2/K)(vMAX/w)2]/[1 + (2/K)(vMAX/W)2]  (A-3c)

Notice that 0 < < 1 so that as K - =, a - 1 and that, although v1AX is fixed, the average thermal velocity, w, de-

pends on the gas temperature, so that a depends on the distance downstream.

Next consider the differential equations (VI-2). The finite difference approximations for the first and second deriva-

tives of n(v), correct to second-order, are (Ref. 29)

anav = (nk+ - nk.1 )/(2v) (A-4a)

82n/av2 = (nk+1 -
2nk + nk.l)/(2Av) (A-4b)

Substituting these approximations into (VI-2) and rearranging, the foLLowing coupled, finite difference equations are

obtained for k = 1.. .K

A*kl*k. 1 + B*kI* k + C*kl*k+1 + DkIk = S*k (A-5a)

D*kI*k + Aklk.1 + Bklk + CkIk+1 = Sk (A-5b)

where for k = 1...K

Ak = df-k (A-Sc)

Bk = -2df - Ok (A-5d)

Ck = dfk+ (A-5e)

Dk = Rk (A-50

Sk = "Pfk (A-5g)

with the exceptions that

A1 = CK = 0 (A-5h)

B1 = -2df - 01 + oard1. (A-5i)

BK = -2df - OK + adCK+ (A-5j)

where the definitions

d = DI(Av)2  (A-5k)

= 1 - (Av/w)2  (A-5)

(k± (Av/w)2 (Vk/AV) (A-Sm)
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have been introduced and here I k = I t (vk), 'k = I(Vk), fk = f(vk), Qk = O(Vk), and Rk = R(vk). A*, B*, C* and S* are
defined analogously to A, B, C, and S except that d* replaces d, Q* replaces 0, P* replaces P, and D*k = '/Rk . The

linear algebraic equations (A-5) are a special case of the more general bi-tridiagonal form and can be solved using

the bi-tridiagonal solution algorithm (Ref. 29). SpeciaLizing this procedure to the present problem the algorithm for

solving Equations (A-5) is

(A) InitiaLize the scalars (C) FOR k 2...K DO

61, 02, 03, 04, 61, 62, 0: 1= B*k - A*k1,k.1
82 Dk - A*kA2,k-1

61 = 8 1 03  D k -Ak3,k-1

p2 = D1  04 = Bk - AkA4.k- 1
03 = D*1  61 S*k -Ak I k-1

04 = 81 62 = Sk - AkIk-1
61 = S*1  A 1 - 03) 1

62 = S1 Al,k = A04C*k

= (0104 - 0203)' 1  A2,k = -9i2Ct
A3,k = "003C k

(B) InitiaLize the arrays A1 , A2 , A4 k = 1AlCk

X3 , A4 , I , and I: I k = u(04 61 - 0262)
Ik = A(b162 - 6361)

A1 ,1 = AO4 C*1 ENDDO

X2,1 = "_02C1
A31 = -'A,3C* 1  (D) Backsotve to find I* and 1:

X4,1 = AP1Cl

1*1 = 14(04 61 - 0262 ) FOR k = K-1...1 DO
11 = A0#162 - P361 )  1*k = I*k - \l,kl :k+1 - A2,klk+l

'k = Ik - A3,kl'k+1 - A4,klk+l
ENDDO

An efficient algorithm to evaluate the Boltzmann distribution, f(v), on the symmetric sample grid (A-1) for odd K is

now described. The advantage of the method is that requires the evaluation of a single exponential rather than K

exponentiats as the straight-forward but naive evaluation of f(v) would require. Since the Boltzmann distribution is
symmetric in v, i.e. f(-v) = f(v), it suffices to evaluate f(v) on the 'hatf-grid' extending from v = 0 to v = VMA x

and use symmetry to obtain the values of f(v) for negative values of v. Let Uj denote the points on the haLf-grid ex-

tending from v = 0 to v = VMAX so that

Uj =vj+N =0( - 1)Av j = 1 ... N+1 (A-6)

where K = 2N + 1 defines N. It follows from the definition of f(v) and (A-6) that

f(U1 ) = 1/WY. - .

f(U2 ) = (1/wf'h) exp(-(Av/w)
2 ) a CI

- 1 2f( Uj) = CZ(J " 1

2

f(UN+1) = 'ON

where 0 a exp(-(Av/w)2 ). Since

f(v1 ) = f(VK+ j ) = f(v2K+2,j) = f(UK+2,j ) (A-7)

by the symmetry property of f(v) and the definitions of the v and U grids an efficient algorithm to evaluate f(v) on

the original v grid is

# = exp(-(Av/w)2 )

7= P*

fN+l = 1/W'Y 204



FOR J = 2,N+1 DO

fJ+N = PfJ+N-1

fN+2-J = fJ+N

,=e

ENDDO

where the dimension of the vector f is K and, as above, fk N f(vk)-

To compute the required integrals, V-4), the trapezoidal rule can be used. With the present choice for the location

of the sample points the trapezoidal rule is

S = AvESk - (1 - a)(S 1 + SK)/8 = AvESk (A-8)

where Sk denotes the value of the integrand and the last approximation is valid for sufficiently large K since a - 1.

In choosing K, the total number of points spanning the region [-vMAx, vMAX] , to accurately compute the integrals it is

necessary that several points tie under each coLlision linewidth. If M such points are to lie under a collision

tinewidth it is straightforward to show that

K 2 (2/(n2)1/ 2 ) sM APD/AvC (A-9)

Thus, for example, if N = 5, s = 3, AYD = 180 MHz, and AvC = 20 MHz, K : 325. Typically, for the conditions considered

here, taking K = 401 is adequate.

ACKNOWLEDGEMENTS

The author would especially Like to thank A. H. Bauer, J. A. Btauer, J. H. Errikla, D. A. Holmes, W. P. Latham, A. H.

Paxton, R. F. Shea, and T. T. Yang for many helpful discussions during the course of this work. He also thanks K.

Jones for his assistance with the computer program.

REFERENCES

1. G. EmanuaL, "Numerical Modeling of Chemical Lasers," in Handbook of Chemical Lasers, ed. by R. W. F. Gross and J.

F. Bott, (Wiley, New York, 1976), pgs. 469-549.

2. A. H. Shapiro, The Dynamics and Thermodynamics of Compressible Fluid Flow, Vols. I and I, (The Ronald Press, New

York, 1954).

3. J. G. Knudsen and D. L. Katz, Fluid Dynamics and Heat Transfer, (McGraw Hill, New York, 1958).

4. R. B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena, (Wiley, New York, 1960).

5. S. S. Penner, Introduction to the Study of Chemical Reactions in Flow Systems, (Butterworth, London, 1955).

6. "The Proceedings from the 1987 Air Force Weapons Laboratory Conference on Chemical Oxygen-Iodine Laser (COIL) Ki-

netics," edited by D. N. Plummer, R. F. Heidner, III, and G. Perram, RDA Logicon, R&D Associates, System Engi-

neering Division, P.O. Box 9377, Albuquerque, New Mexico, 87119.

7. P. V. Avizonas and D. K. Nuemann, "The Chemical Oxygen-Iodine Laser," (Unpublished).

8. R. F. Shea (private communication).

9. R. F. Heidner, III, C. E. Gardner, G. I. Segal, and T. M. El-Sayed, "Chain Reaction Mechanism for 12 Dissociation

in the 02(1A) - I Atom Laser," J. Chem. Phys. 78, 2348 (1983).

10. T. T. Yang (private communication).

11. S. Hurtock, D. Schwamb, and J. Davis, "Oxygen-Iodine Supersonic Technology Program", AFWL-TR-84-37, Vol. I, Parts

1 to 4 (March, 1985).

12. J. E. Mayer and M. G. Mayer, Statistical Mechanics, (Wiley, New York, 1940).

13. D. R. Stull and H. Prophet, JANAF Thermochemical Tables, 2nd Edition, NBS 37, Office of Standard Reference Data,

National Bureau of Standards, Washington, D. C., 20234, June 1971.

14. T. Kan and G. J. Wotga, "Influence of Collisions on Radiative Saturation and Lamb Dip Formation in CO2 Molecular

Lasers," IEEE J. Guan. Elect. OE-7, No. 4, April 1971, pgs 141-150.

205



15. M. V. ZagiduLLin, V. I. Igoshin, and N. L. Kupriyanov, "Kinetics of Saturation of the active medium of an Oxygen-

Iodine Laser," Sov. J. Quant. Elect. 14 (7), July 1984, pgs. 930-936.

16. J. Keitson and J. E. Storer, "On Brownian Motion, Bottzmam's Equation, and the Fokker-Planck Approximation,"

Quart. Appt. Math. 10 (1952), pgs. 243-253.

17. E. M. Lifshitz and L. P. Pitaevskii, Physical Kinetics, Landau and Lifshitz Course of Theoretical Physics, VoL.

10, Pergamon Press, Oxford, 1981.a) Pg. 42, Eqn. (12.4); b) Chapter I, Section 21, pg. 89; c) Pg. 92, ProbLem 1;

d) Section 11, Pg. 39, Eqn. (11.10).

18. S. G. Rautian, "The Effect of Collisions on Spectral Characteristics of Gas Lasers," Soy. Phys. JETP 24, 788-796,

(1967).

19. a) A. H. Paxton, "Theory of Oxygen-Iodine Lasers with Multiple Longitudinal Modes: Final Report," MRC/ABQ-R-1097,

Mission Research Corporation, 1720 Randolph Road SE, Albuquerque, NM 87106-4245. b) A. H. Paxton and W. P.

Latham, Jr., "Low-pressure iodine Laser: effect of collisional relaxation of velocity distribution on efficiency

and Longitudinal mode spectrum," in the Proceedings of the SPIE OE/LASE Conference, Vol. 1045, Jan. 1989.

20. R. A. Svehta, "Estimated Viscosities and Thermal Conductivities of gases at High Temperature, " NASA Technical

Report R-132 (1962).

21. A. N. Hayhurst and M. J. Springett, "Flame Photometric Determination of Diffusion Coefficients, Part 6. Results

for Carbon Monoxide and free atoms of Bromine, Iodine, and Thatium," J. Chem. Soc., Faraday Transactions I, VoL.

74, No. 3, pgs. 715-719 (1978).

22. E. W. Abrahamson, L. J. Andrews, 0. Husain, and J. R. Wiesenfetd, "ElectronicaLly Excited Iodine Atoms,

I(52P1/2 ), Diffusion in Noble Gases, the Mean Radiative Lifetime and Atomic Recombination," J. Chem. Soc.,

Faraday Transactions II, Vol. 68, No. 1, pgs 48-54 (1972).

23. J. A. BLauer (private communication).

24. S. Churassy, R. Bacis, A. J. Bouvier, C. P. dit Mery, and B. Erba, "The chemical oxygen-iodine Laser: Comparison

of a theoretical model with experimental results," J. AppI. Phys. 62 (1), July 1, 1987, pgs. 31-35.

25. M. Sargent, I1, M. 0. Scully, and W. E. Lamb, Jr., Laser Physics, (Addison-Wesley, Reading, Massachusetts,

1974).

26. V. S. Zuev, V. A. KatuLin, V. Yu. Nosach, and 0. Yu. Nosach, "Investigation of the Luminescence Spectrum of

Atomic Iodine (2 P1 /2 - 2P3 /2 Laser Transition)," Soviet Physics JETP, Vol. 35, No. 5, Nov. 1972, pgs. 870-873.

27. T. D. Padrick and R. E. Palmer, "Pressure Broadening of the Atomic Iodine 52P1/2 - 52P3/2 Transition," J. Chem.

Phys., Vol. 62, No. 8 (1975), pgs. 3350-3352.

28. G. Bredertow, E. Fitl, and K. J. Witte, The High Power Iodine Laser, Springer Series in Optical Sciecnes, Vol. 34

(1983), Section 2.1.

29. D. U. von Rosenberg, Methods for the Numerical Solution of Partial Differential Equations, (American Elsevier,

New York, 1969).

30. D. A. Copeland, "Geometric Multi-Mode ConfocaL Resonator and Amplifier (MCFOCAL) Model," Rocketdyne Internal Let-

ter 88-102/AB-055, June 3, 1988 (Unpublished).

31. P. W. MiLonni, "Critera for the Thin-Gain Sheet Approximation," Applied Optics, Vol. 16, No. 11, Nov. 1977, pgs.

2794-2795.

32. A. G. Fox and T. Li, "Resonant Modes in a Maser Interferometer," Bell Syst. Tech. J., Vol. 40, March 1961, Pgs

453-488.

33. D. A. Copeland, C. Warner, and A. H. Bauer, "Simple Model for Optical Extraction from a Flowing Oxygen-Iodine

Medium using a Fabry-Perot Resonator," Paper No. 1224-43 in the Proceedings of the Conference on High Power Gas

Lasers, SPIE's Symposium on High Power Lasers and Optical Computing, OE LASE '90, Los Angeles, CA.

34. D. L. Buttock and J. S. Yun, "Fundamental Beam Quality Considerations for Modes of Adjoint-Coupted Lasers," Paper

No. 1045-10 in the Proceedings of SPIE's Symposium on Lasers and Optics, OE LASE 189, Los Angeles, CA.

35. A. C. Hindmarsh, "OOEPACK, A Systemized Collection of ODE Solvers," in Scientific Computing, ed. by R. S. Steple-

man et at., (North-HolLand, Amstersdam, 1983, Vol. 1 of IMACS Transactions on Scientific Computation), pgs. 55-

64.

206



+z

Vv = v0 (1 + V/C)

-Z

'J" = vo(1 - vVc)

0 0

(A) (B)

FIGURE 1. SCHEMATIC SHOWING (A) THE INTERACTION OF LIGHT OF FREQUENCY v WITH
GROUPS OF ATOMS WHOSE CENTER FREQUENCIES ARE AT vo, vo', AND vo" AND (B) HOW

COLLISIONS CAUSE ATOMS TO MOVE OUT OF AND INTO THE INTERACTION REGION WITH
LIGHT OF FREQUENCY v

100

80'

wu 60

U.
w
z
0 40

20

1.0 1.5 2.0 2.5

AVERAGE SMALL SIGNAL GAIN I THRESHOLD GAIN

FIGURE 2. EXTRACTION EFFICIENCY AS A FUNCTION OF GAIN FOR INFINITELY FAST VELOCITY
CROSS-RELAXATION WHEN <go> = 0.8250/SCM.

207



100,

80 <go>/gTHR = 1.927

0
C-

60-

LU

o

1.156
20-3 .2 100

RELATIVE VELOCITY DIFFUSION RATE

FIGURE 3. RELATIVE POWER DEGRADATION AS A FUNCTION OF THE RELATIVE VELOCITY
DIFFUSION RATE AND THE DEGREE OF GAIN SATURATION, <go>/gTHR.

1.0

MAX
NUMBER

<90>/THFIMODES

0.8
1.156 5

0.6

0.4

0.2'

-120 -90 -60 -30 0 30 60 90 120

FREQUENCY (MHZ)

FIGURE 4. THE SPATIALLY AVERAGED SMALL SIGNAL GAIN, <go>, AS A FUNCTION OF
FREQUENCY.

208



11

9-

CO

0 1.345w

U.

0

w

1.156

10-3 
10

10
"  

10

RELATIVE VELOCITY DIFFUSION RATE

FIGURE 5. THE NUMBER OF LASING MODES AS A FUNCTION OF THE RELATIVE VELOCITY
DIFFUSION RATE AND THE DEGREE OF GAIN SATURATION, <go>lgTHR.

50-

40-
RELATIVE RATE

e. 300 112
30 */

w N*1/3w 1/10
0 M 1/30us 0- 1/1000
w

F20-

10 L

75 -60 -45 -30 -15 0 15 30 45 60 75

FREQUENCY (MHZ)

FIGURE 6. THE RELATIVE POWER IN EACH MODE AS A FUNCTION OF THE RELATIVE VELOCITY
DIFFUSION RATE WHEN <go>/gTHR - 1.927.

209



100.

go RELATNE RATE

* 1/2
*1/3

60 1/10
u [ 1/30
3: 1/10000
uJ

F 40

20

.75 -60 -45 -30 -15 0 15 30 45 60 75

FREQUENCY (MHZ)

FIGURE 7. THE RELATIVE POWER IN EACH MODE AS A FUNCTION OF THE RELATIVE VELOCITY
DIFFUSION RATE WHEN <go>/g-rHR = 1.345.

1.0

0.8

w

o 0.60. AvM

v 15.0 MHZ

0.4 7.5 MHZ
> 0.4'

0.2-

0.0-

FREQUENCY (MHZ)

FIGURE 8. THE RELATIVE PEAK POWER IN EACH MODE AS A FUNCTION OF MODE SEPARATION
FOR A RELATIVE VELOCITY DIFFUSION RATE OF 1/3.

210



1.0-

0.0-

w
0 0.6-
0.Av

U15. 0 MHz
C. 7.0 MHZ
w

>0.4-
P

0.2-

0.0-L

FREQUENCY (MHZ)

FIGURE 9. THE RELATIVE PEAK POWER IN EACH MODE AS A FUNCTION OF MODE SEPARATION
FOR A RELATIVE VELOCITY DIFFUSION RATE OF 1/10.

211



Parametric study of chemical oxygen iodine laser

T.sawano and S.Yoshida

Laser Laboratory, Institute of Research and Innovation
Kashiwa, Chiba 277, Japan

We have developed a high power, efficient chemical oxygen iodine laser system with
industrial applications in mind. Employing dilute hydrogen peroxide the present system can
operate stably at 1kW for 10 minutes, and 500 W for over 30 minutes. We are now interested
in understanding correlations between laser power and other operating parameters such as
mirror transmission. Recent results of parametric experiments are discussed. Besides the
high power and long stable operation under the optimized condition we found by the
parametric study, we have demonstrated power delivery through a silica fiber with 70%
transmission efficiency at 250 W input power. We also performed operation with high water-
vapor-trap temperature and obtained 800 W output power at -40 0C water-vapor-trap
temperature. These demonstrations will be useful for commercial uses.

1nlr ducglnn
The chemical oxygen iodine laser (COIL) is an energy transfer chemical laser operating

at 1.315 m. The lasing action is summarized by the following four processes;
H202 + 2NaOH + Cl 2 -- > 0 (0A) + 2NaOH + 2NaCI + 2H 20 (1)

1 -- > 22 (2)
0 ( ) + I 2 > 0 (31) + i* (3)
2 -- > 12 + htu (4)

Our COIL system is schematically illustrated in Fi, ure 1. This system is composed of a
singlet oxygen generator, a water vapor trap, a cayity. and an exhaust pump system. First,
according to reaction (1) excited state oxygen, 0 ( A), is generated by chlorination of an
alkaline solution of H 0 in the singlet oxygen gegerator (SOG). Cl gas is introduced into
the alkaline hydrogen eoxide solution through a bubbler made of tehlon tubes. Next, water
vapor is removed in the water vapor trap (WVT) because H 0 molecule deactivates the excited
state oxygen and iodine. WVT is a straight glass tubes imiersed in ethanol which is normally
cooled to dry ice temperature (-70 0 C). At the laser cavity, iodine vapor spouts out into the
active region from an iodine injector. Energy is transferred from singlet oxygen to iodine
molecules, and immediately, iodine molecules are dissociated into iodine atoms according to
reaction (2). Then the singlet oxygen energy is transferred to atomic iodine atom according
to reaction (3). Finally, the laser operates at a wavelength of 1.315 m as shown by reaction
(4).

As compared with CO and yttrium aluminum garnet (YAG) lasers. COIL seems to be
suitable for industrial usei because of the following advantages;
(A) The oscillation wavelength, 1.315 m, is good for low loss power transmission through a
silica fiber. This offers flexible maneuver of the beam.
(B) Because of good scalability, a very high power system can be constructed with the same
design concept for smaller-scale systems.
(C) Since the COIL is a pure chemical laser, no electrical energy is required for lasing.
This enables applications of a COIL in a remote place such as in the space or mountains.

In spite of these attractive features, nobody has tried to apply a COIL to industrial
applications. This situation motivated us to develop a high power and efficient COIL system
with its industrial applications in mind. Thus we started a long term project a few years
ago.

armi1£1c Aludy
In the course of the present project we have already demonstrated a maximum ew power of

lkWC1J and a maximum chemical efficiency of 40%[2J, respectively. We are presently
interested in understanding of correlations between laser power and other operating
parameters. The COIL system has been operated with various operational conditions.
Controlled parameters include the exhausting speed, oxygen and iodine carrier gas flow
rates, gas flow velocity in the active region, reflectivity of the mirrors, distance
between the iodine injector and opticaj axis , etc. Here we discuss results of our
parametric study in which we varied optical parameters such as mirror transmission
dependence or dependence on distance between the iodine injector and optical axis.
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Following the results obtained in the parametric study, we have demonstrated high power
and long stable operation as typical performance under an optimized condition. In addition.
power delivery through a silica fiber and high trap temperature operation have been
performed. These experiments are also shown in this paper. We have employed 35% hydrogen
peroxide in these experiments because highly concentrated H 0 is more dangerous to handle
and is less cost effective than low concentration H 02 . Thas'dilute H 0 is preferable for
practical devices such as an industrial apparatuS.2 The only probieA associated with
utilizing such a low concentration hydrogen peroxide is that it generates more water vapor
which deactivates the excited state oxygen and iodine. We have solved this problem by
designing SOG and WVT properly. Singlet oxygen excitation ratio as high as 80% has been
achieved.

Dependence of laser output power on mirror transmission is plotted in Fig.2. From this
figure, 96% output mirror seems better for obtaining high output power. And Fig.3 is a
diagram of iodine injector-optical axis distance dependence. In Fig.3, the peak of power
appears at a distance of 30-40mm. The 9ptimal injector-optical axis distance seems to be
determined by the trade off between 0 ( )/ mixing and quenching; if the optical axis is
too closed the injector, the degree o? populition inversion is insufficient because of poor
0( 1 /2 mixing, while if the optical axis is too downstream, excited oxygen and iodine are
qenched more. These two figures gave us the optimum mirror condition of our COIL system.

Then we operated the COIL system under the optimized optical condition of 96% output
mirror and 35mm distance between the injector and optical axis. Figure 4 shows a typical
performance of such operation. In Fig.4, calculated chemical efficiency is defined as the
ratio of output power to consumed H2 0 energy per second. We obtained lkW at about over
60mmol/sec Cl flow rate with a chemicil efficiency between 20% and 30%. Our power meter did
not cover ove; the lkW range, we could not measure output power of over kW precisely. Next,
typical long stable operation is shown in Figure 5. In this case the COIL was operated at a
lower Cl flow rate, 20mmol/sec. We have could maintain oscillation for over 40 minutes
with a po~er of about 450 W.

In Figure 6, dependence of power on WVT temperature is plotted. From Fig.6, -40aC WVT
coolant temperature seems to be practically sufficient for a high power system. For example,
as high as 800 W can be achieved at this higher WVT temperature. If the WVT can be operated
at this relatively high temperature, a COIL system will run more economically. But in order
to obtain high efficiency, lower temperature, closely to -700C (=dry ice temperature), seemsmore advantageous.

Finally, in Fig.7 we show a preliminary result of our experiments on power delivery
through a silica fiber. Laser beam could be delivered with high transmission efficiency of
70% at 250 W input power. Futher details about fiber transmission experiments will be given
by another paper[3].

We would like to summarize this work;
(A) COIL has been studied parametrically.
(B) Based on the parametric study, we obtained over IkW and 23.6% chemical efficiency and
achieved long stable operation over 30 minutes at about 500 W under the optimized condition.
(C) The practicability of high trap temperature operation at -40 0 C has been certified. This
is quite favorable from the industrial point of view because we can select a coolant source
for WVT widely and can operate a system more economically.
(D) Laser power was deliverd through a silica fiber with good transmission efficiency.

These results encourage us to devst.op a COIL system for new application fields in
industry such as the material processing for which currently available industrial lasers are
not useful.
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High power chemical oxygen-iodine laser of good beam quali!/

K.Shimizu, S.Yoshida

Laser Laboratory, Institute of Research and Innovation
1201 Takada, Kashiwa, Chiba 277, Japan

Abstract
The chemical oxygen-iodine laser is a pure chemical laser with high-efficiency, high-

power capability. It has good beam quality at a wavelength favorable for low-loss
transmission through silica fibers, making it attractive for industrial applications.
Recently we developed a high power COIL system with its industrial uses in mind. We already
reported on its performance. The aim of the present work is to improve the beam quality of
this system. Currently we set our target at beam divergence angle of 6 mrad with laser
power over 500 W. This divergence allows efficient focusing of laser beam into a
commercially available optical fiber using a lens of practical focal length; eg. 600 m
core-diameter with a lens focus f=100 mm. Since the COIL has a small gain coefficient, we
employed a stable resonator geometry. Varying optical parameters, such as mirror curvature
or resonator length, we attempted to achieve low divergence at high power. The best
performances, for the time being, include 7.7 mrad at 1 kW and 5 mrad at 300 W. We present
details about the experiment as well as theoretical analyses. We also carried out fiber
transmission experiments using the present system to demonstrate efficient delivery of 247
W through a 18.5 m long, 600 m core-diameter fiber.

Introduction
Because of the capabilities of good beam quality, good scalability and efficient

interaction with most materials including common metals, the chemical oxygen iodine laser
(COIL) is a candidate for the next generation high power industrial lasers. In those
capabilities, the COIL can, in principle, be superior to currently available industrial
lasers such as the carbon dioxide or yttrium aluminum garnet lasers.

The COIL can be characterized by three major features. Firstly, since all the energy
required for the lasing action is produced by chemical reactions, it does not need
electricity to lase. Since the chemical energy is generally more efficient to be produced
and larger in volumetric density than the electrical energy, this feature enables to
construct a very high power, efficient system of reasonable size. Secondly, as a gas laser
operating at a low pressure, the COIL should 3ffer good beam quality. Thirdly, since the
..cillation wavelength, 1.3 m, lies in a minimum of the transmission loss characteristics
of silica, the COIL offers the capability of highly efficient power transmission through a
silica fiber. These features, together with the high efficiency in material interactions
due to the shortness in wavelength, make the COIL attractive for industrial uses.

Taking those advantages, we started developing an efficient, high power COIL system. In
the course of this development we deminstrated a maximum chemical efficiency of 40% ( qd
stable operation at laser output over i kW. We reported on the performance elsewhere
The aim of the present work is to improve the beam quality of this system. As the firsi
step, we set our target at beam divergence angle of 6 mrad with laser power over 500 W.
This divergence allows efficient focusing of the laser beam into a commercially available
optical fiber using a lens of practical focal length; eg. 600 m core-diameter with f=100
mm. In this paper, we report on the relation between beam quality and laser output power
when the stable resonator is used and fiber transmission using a silica fiber.

Experiments and results for beam quality
Our kW class COIL system is illustrated in Fig.1. This system is similar to one

described in Ref.1. Briefly it consists of three sections and a vacuum system; a singlet
oxygen generator (SOG), a water vapor trap (WVT) and a laser cavity. The SOG employed is a
conventional bubbler reactor. The WVT is a shell and tube type heat exchanger using
methanol cooled down to dry ice temperature as the coolant. The laser cavity consists of an
iodine injection system and a laser resonator. Iodine vapor spouts out into the oxygen flow
from vertical tubes with several holes. The ler head is a 6 cm x 100 cm rectangular duct.
Since the COIL has a small gain coefficient , we employed a stable resonator geometry.
Fcr studying the relation between the beam quality and laser output power, we carried out
oscillation experiments varying the resonator length and the curvature radius of the total
reflector with the other parameters unchanged. The divergence angles were determined by
dividing the spot diameter measured at the focus of a f=300 mm lens.
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Fig.2 shows measured divergence angle as a function of resonator structure. The
horizontal axis is the cavity length. The solid lines show the corresponding theoretical
values based on high order Gaussian modes. From this figure, it is found that output from
our COIL can be treated as a high order gaussian beam, and that we obtained 3.7 mad as the
minimum divergence angle. The minimum divergence angle was obtained with the resonator
structure of 3.2 m resonator length and 20 m curvature radius. The maximum output power
obtained in each resonator structure are shown in Table 1. In the cases of curvature radii
of 5 and 10 m, output power in the range of 770 W - 1 kW was obtained at 74.4 mmol/s Cl
flow rate. In the case of 20 m curvature radius, about 300 W output power was obtained ai
37.2 mmol/s Cl flow rate. In this case, the laser output higher than 300 W was not stable,
because the Airror holders were heated by the laser beam resulting in misalignment.
Therefore in the case of curvature radius of 20 m, if a more powerful cooling system is
used, higher output power will be obtained.

Fig.3 shows the power dengity a the lens focus as a function of resonator structure. We
obtained in the order of 10 W/c powjr dengity. Since commercial lasers generally offer
power density in the range of 10 - 10 W/cm , our COIL system may be classified in the
middle class in power density.

Fiber transmission
ilArrangement

We carried out power transmission experiments using a silica fiber. The experimental
arrangement is shown in Fig.4. The used silica fiber was a Quasi Step Index type with 600

m core-diameter. The divergence angle of the laser beam was 6.7 mrad, but the spot
diameter at the focus of a f=100 mm silica lens (see Fig.4) was not smaller than 1 mm
because of aberration. Hence, some part of laser power was lost at the entrance of the
fiber. We performed the fiber transmission experiment as follows. First, we operated the
COIL and measured the output laser power by the first power meter placed between the laser
and the focal lens (Fig.4). After measuring the laser power, we removed the first power
meter so that the laser beam might be focused into the fiber core, and measured the
transmitted power by the second power meter. At this time, we fine-tuned the position of
fiber relative to the lens, monitoring the second power meter reading. We repeated the same
procedure for various incident laser powers, fiber lengths and bending radii.

ii)Theoretical limit
Prior to the fiber transmission experiments, we calcu'ated the theoretical transmission

limit. Assuming that the refractive index of the fiber was 1.46 and the absorption in the
fiber was 4 dB/km (from the catalog), we estimated the transmission limit as about 92.7%
for the used fiber length.

Pin :;> =>Pout

Fiber length

Pout
= 92.7±0.5%

refractance = 1.46
absorption = 4 dB/km
fiber length < 18.5m

As the beam diameter at focus was larger than the fiber core in the experiments, we
estimated what percent of the laser beam was coupled into the fiber by assuming the
intensity profile by means of a simple ray matrix calculation. Consequently, it turned out
that about 87% of the power entered into the core.(Fig.5) Therefore, the overall
theoretical limit for the present experiment became as follows:

PoutPot= (92.7±0.5%) x (87%) = 60.5±0.5%

ii -)Resul ts
Fig.6 shows relation between the output power and input power as a function of fiber

length. Solid and broken lines are theoretical values. The solid line is the case that the
beam spot diameter is smaller than the core diameter; i.e. 92.7%. The broken line is the
realistic limit for the present experiment where the spot diameter is 1 mm; i.e. 80.5%.
For any length, the output power increases in proportion to the input power.

Fig.7 shows relation between the transmissivity and input power as a function of fiber
length. The solid and broken lines are theoretical values as Fig.6. From this figure, it
is found that for the fiber length shorter than 18.5 m, the average transmissivity is 72%
regardless of the fiber length. We consider that in the loss of 28%, 7% is the unavoidable
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loss due to reflections and absorption, 13% is due to the focal spot diameter larger than
the core diameter, and the rest 8% is due to roughness on the end surface.

Fig.8 shows relation between the output power and input power ds a function of the
bending radius of the fiber. As experimental conditions, we selected three different
curvature radii of 5 cm, 9 cm and straight. The fiber length was constant at 1.14 m. From
this figure, it is found that the fiber bending does not do any harm.

Conclusion
Employing a stable resonator geometry, we demonstrated high power COIL beams with

practically low divergence. Comparison with theory indicated that the obtained laser beams
were high order gaussian. We focused the laser beam into a commercially available silica
fiber. The experiment showed fairly high transmission efficiency regardless of the fiber
length as long as 18.5 m. Theoretical analysis indicated that the transmission efficiency
should be further improved by making the beam spot diameter smaller than the fiber core
diameter.
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Iodine Cell

Singlet oxygen Detector Iodine Injector

S~rnglel Oxygen Generator Ta: i r p  
I

-;I to Vacuum Pump

Fig.1 Schematic View of the Apparatus

R 1.6 m 2.4 m 3.2 m C1 flow rate

5 m 890 W 770 W 780 W 74.4 mmol/s

10 m 1000 W 780 W 800 W 74.4 mmol/s

20 m 3(10 W 260 W 37.2 mmol/s

L: Resonator length

R: Curvature radius of total reflector

Table 1. Maximum Output Power In Each Resonator Geometry
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Abstract

Q-switching operation of chemical oxygen iodine laser was studied. Peak power, pulse
shape, and Q-switch frequency was investigated. A rotating chopper was used for Q-switching
device. The pulse shape has several enhancement peak and large time constant. The ratio of
peak power to CW power is the largest of 11 and typical of 5 to 6. Q-switching frequency
depends on velocity of the laser medium. In this case, blanks between pulses need 150,sec.

Introduction

Chemical Oxygen Iodine Laser (COIL,wave lyggth =1.315um) is attractive for laser materi-
al procegiing. A KW class CW system is exist , and a continuous operation over 2 hours was
reported ' . COIL has capacity to obtain effective laser processing, because its wave length
is on the least loss range of the quartz fiber and is shorter than of CO 2 laser. On the
other hand, it is known that a rapid repetitive pulse laser is more effective in laser
processing and higher in quality than a CW laser. So Q-switching operation of COIL, which
is a CW laser usually, is desired to realize the rapid repetitive pulse operation. The
properties of Q-switching operation of COIL is expected as follows. (1) Large store energy
in the laser medium and high peak pulse are not expect, because inversion population is
determined by energy equilibrium constant between oxygen molecule and iodine atom. Stored
energy of the laser medium in Q-switching off, is limited by oxygen pumping ratio and
iodine content ratio. (2) The effective operation isn't obtained when the period of the
frequency of Q-switching is more rapid than the clearance time, because energy isn't sup-
plied. Energy is supplied by energy transfer from singlet oxygen to laser medium. In this
study, we made some experiments and calculations as follows for basic study of the effec-
tive Q-switching operation of COIL. (1) Observations and calculations of the pulse. (2)
Calculations of the relation between iodine content ratio and peak power. (3) Observations
and calculations of the relation between the mirror transmittance and peak power. (4)
Determination of the Q-switching frequency. Sequence of theory, experiment, result, and
summary are described.

Theory

From the calculation, the behavior of the Q-switching operation was obtained with two
parameters, the mirror transmittance and iodine content ratio. The rate equations of COIL
were numerically calculated. A lot of chemical reactions are shown in Ref.3 etc., but here,
for easily, follows three main equations are calculated

8[]/at + v a[f]/ax= Kl[I*][O] - K2[110*1 - K3 [I*][H20] - K4 npAN (1)

OL8[jat+ v U[J ]/ox= - K[li*][O] + K2 11][O1* (2)

S (dnp/dt)dx SI (KnpAN - ynp)dx (3)

And follows are assumed. (1) Partial oxygen pressure and partial iodine pressure are con-
stant. (2) Iodine molecules are mixed uniformly and dissociated perfectly as soon as mix-
ing. The resolution of one iodine molecule needs four excited oxygen molecules (Eq.(4))

12 + 402* - 21 + 402 , (4)

and iodine atoms are pumped initially written as next

KI[02*]O([1] + [1I*1)
[I*]o = (K1 - K2 )[O2 0 + K 2 ([O2] + [O2 ]) + K3 [H2 01

(3) The shape of cross section of laser beam is rectangle, and width and height are 10mm,
and photon density is uniform. (4) Velocity of the laser medium is constant. Then some
parameters are fixed for agreement with condition of the experiment. Velocity is 40m/sec,
chlorine flow rate is 250mmol/min, initial oxygen pumping ratio is 60%, water vapor pres-
sure is 0.lTorr, the cavity length is 148cm, the mirror curvature is 76cm, the gain length
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is 36cm, and one-pass loss is 0.4% (except the mirror transmittance). In the calculation,
loss is varied as step function. Initial photon density is calculated by using Eq.(6),
spontaneous emission is assumed for photon generation.

np0  = tr • 2L / C • [1*10 • ts-I (Ds  / (L / 2))2 . (4, F 1  (6)

Experimental apparatus

The experimental apparatus is shown in Fig.l. The solution tank is 200mm across in
diameter and Im high. In this tank hydrogen peroxide solution is cooled and is mixed with
alkaline solution. Concentration of hydrogen peroxide solution is 35%, and alkaline solu-
tion is ION potassium hydroxide solution. The mixed solution is fed to Singlet Oxygen
Generator (SOG) by a pump. SOG is a porous pipe type, composed of a ceramic pipe with a lot
of pores, which diameter is 10Mm, and a shower, which can pour the solution on the surface
of the porous pipe uniformly. Chlorine gas is fed to inside of the pipes, and, film of the
solution is made on surface of the pipes. Then chlorine gas blows up through the pores in
the pipe, and the gas and the solution react, and excited oxygen is generated. The generat-
ed oxygen flow through the 196K cold trap which length is 1.lm, in which most of water
vapor is trapped. Temperature of the iodine cell is hold a constant level (30°C-100*C) , the
cell is connected with the iodine injector. The iodine injector is 36cm long stainless
steel with holes, which diameter is 0.5mm and stand in line along the tube with 5mm space.
Carrier gas of iodine is argon. The laser cavity is made by lucite, and has two laser arms
at both side of it. On one side, an internal mirror is mounted, on the other side a brew-
ster window is mounted. Outside of it, a switching device and an outside mirror are mount-
ed. The cavity length is 148cm, the mirror curvature is 16cm. By them, the resonator is
composed nearly concentric, so laser beam is focused at center of the resonator. A rotating
chopper is used as a switching device, because it has low loss and Q-switching frequency
don't need very high speed. Rotating rate is 13500 rpm. The chopper is mounted at center of
the resonator. At the downstream of the cavity, a 88K cold trap is placed, and iodine and
chlorine is trapped.

Experiment

The experimental method is as follows. At first, COIL is to be oscillated with CW opera-
tion, then the power is measured. Next, after making system stable the chopper is rotated,
and the average power at the output mirror is measured (by OPHIR OPTICS; Model L-1504).
From the total reflectance mirror the pulse is measured by a Ge detector and is observed by
an oscilloscope (YOKOGAWA ELECT.; DL-2100).

Result

1. Q-switching pulse shape
Q-switching pulse were obtained from the experiments and the calculations. A pulse ob

tained from the calculation is shown in Fig.2. A rise time was within 5usec, a time con-
stant of decay was approximate 30usec, then the power level balanced at CW power level at
150,sec. On the other hand, a shape from the experiment is shown in Fig.3. Basic of the
shape was the same as one from the calculation, but rise was slower and decay was faster.
And some shapes were observed as relaxation shown in Fig.4. In this case, peak didn't
become high. The reason that the rise time from the experiment was slower than from the
calculation is slow chopping speed of the chopper and higher loss in the experimental
apparatus more than the calculation. As rotating speed of the chopper is 1413rad/sec,
crossing speed at the place of laser mode is 56.5m/sec, then if diameter of the beam at
nearly focus is 0.5mm, the cross time becomes 8.8,sec. This is larger than the rise time
from the calculation, so this becomes a rise loss, then becomes a reason of increase of
rise time and of decrease of peak power. The time constant of decay is very large than one
of Q-switching operation of another lasers. The time constant of COIL depends on decrease
rate of excited oxygen compared with coefficient of induced emission of iodine atom, be-
cause iodine is supplied energy from excited oxygen by energy transfer reaction simultane-
ous with induced emission. Q-switching operation of COIL belongs to an operation that keep
high level power for long time, but cannot get very high peak power.

2, Peak power
Peak power is expressed by the ratio to power of CW operation. It has an advantage to

show an effect of Q-switch operation. The peak power was examined with parameters as the
mirror transmittance and iodine content ratio. (On the experiment, only the mirror trans-
mittance) From the calculation, the ratio of peak power to CW power is obtained as shown in
Fig.5. When the mirror transmittance was 1.5% and iodine content to oxygen content was
2.5%, the ratio of peak power to CW power became the largest one. From the experiment, when
the transmittance was 0.85%, the ratio was the largest of 11, typical of 5 to 6. With 0.1%
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transmittance peak wasn't seen, with 1.5% transmittance the ratio was approximate 3, and
with 2.7% transmittance the laser did not oscillate. (Fig.6)

From them, followings are thought. Peak power was obtained at most the ratio of 11, this
shows large population inversion isn't obtained on COIL as expected at first. It is deter-
mined by the pumping ratio cf oxygen, iodine content, and balance of them. Pumping ratio of
oxygen is limited by ability of SOG (pumping ratio becomes over 90% in SOG, but it is
quenched to approximate 60% by a collision with a wall, water vapor, and oxygen molecules
each other4)), so population inversion is determined by iodine content mainily. But if
iodine content increases so much, a lot of excited oxygen is used to dissociate iodine
molecule (four to six excited oxygen molecule is need to dissociate an iodine molecule), so
large population inversion cannot be obtained after all. In practice, it isn't obtained,
since not uniformity of iodine content or imperfect of resolution of iodine molecule. The
mirror transmittance with which the largest peak was obtained on the experiment is lower
than by the calculation. Particularly, in case that the mirror transmittance is 2.7%, with
which a large gain is obtained by the calculation, the laser didn't oscillate on the exper-
iment.

3.Determination of Q-switching frequency
As described in introduction, it is thought that Q-switching frequency is limited by

velocity of the laser medium. To know this relation, efficiency is measured, varying closed
time of the chopper and fixing open time. As open time is fixed, it is expected that energy
per pulse is constant if there is no effect before pulse. And if closed time is short,
there is effect before pulse, and energy per pulse should been decreased. The result of
measurement for this is shown in Fig.7. The horizontal axis shows closed time of the chop-
per and the vertical axis shows energy per pulse expressed by the ratio of average power of
Q-switching to power of CW operation normalized by duty cycle. This graph shows that energy
per pulse decreases in case that closed time is under 150sec. As velocity of the laser
medium on the experiment was 40m/sec, it agrees with the time that needs the laser medium
crosses the average beam width if the beam width is 6mm. This beam width is reasonable. So
it is known that for enough energy per pulse the laser medium has to be exchanged complete-
ly every pulse. Then this shows that Q-switching frequency depends on velocity of the laser
medium. And on an experiment, the efficiency, which is the ratio of average power of Q-
switching to power of CW operation, was able to be increased to 75% when closed time was
150sec and duty cycle was 50%.

Summary

In this the fundamental study of Q-switching operation of COIL was described. The pulse
shape, peak power, and Q-switch frequency was studied from the theory and the experiment.
The pulse was a wide pulse compared with another laser. The ratio of peak power to CW power
was the largest of 11, typical of 5 to 6 when mirror transmittance was 0.85% and chlorine
flow rate was 250mmol/min. Q-switching frequency depends on velocity of the laser medium.
When rotating chopper with which optimum Q-switch frequency obtained from this result is
accomplished is used, the efficiency is increased. The problem after this is the acquisi-
tion of more effective and more stable operation and larger peak power.
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Abstract

Photodynamic Cancer Therapy (PDT) is potentially one of the most important medical

applications of visible wavelength lasers. The PDT process involves the preferential
retention of photosensitive dye molecules, e.g., hematoporphyrin, by tumors followed by
visible laser irradiation of the tumor. The laser radiation causes a photochemical
reaction to occur that leads to cell necrosis for those cells containing the dye
molecules. The PDT treatment is becoming one of the important new weapons against cancer
and is beginning to be incorporated throughout the world. Since the process requires
visible radiation (500 to 700 nm), tunable, visible wavelength lasers are being considered
for this application.

Although PDT is beginning to find widespread application in oncology, e.g., bladder,
lung, and skin cancers, the mechanism of cell destruction is not thoroughly understood.
Metastable singlet delta oxygen 02(1A) is suspected of being the agent responsible for
malignant cell destruction.

In this paper we present preliminary data of real time detection of 02(l) evolution
from laser irradiated solutions containing hematoporphyrin derivative (HPD). Data are
presented that show a linear dependence of O2(16) upon the laser excitation energy.

1. Introduction

Singlet 02 is strongly suspected of being the active species in cancer cell
destruction when tumors containing hematopor~hyrin derivative (HPD) or other porph'rin
compounds are irradiated with visible light.

1 - 0 
The accumulation of singlet 02 following

irradiation has been detected previously by indirect analytical techniques that require
several hours to complete. It would be of great benefit to be able to monitor singlet 02

in real-time, simultaneously with the irradiation treatment.
1 1 

The ability to correlate
the amount of singlet 02 produced to the percentage of cancer cell destruction could lead
to much more efficient treatments.

The photodynamic therapy process is based upon the observation that dyes such as
hematoporphyrin derivative (HPD) are preferentially retained in cancerous cells following
intravenous injection. Upon exposure to red light (usually from a laser) the photosensi-
tive HPD type compound causes a chemical reaction to occur that causes cancer cell
necrosis. Although the detailed mechanisms for the process are not known, it is generally
believed that subsequent to the absorption of the laser radiation, the HPD undergoes an
intersystem transfer to a triplet state.1 2 ,1 3 This triplet state then excites the highly
metastable O2(16) level via an energy transfer collision. This process is shown in
Figure 1. Thus, the HPD acts as a catalyst that facilitates the excitation of 02(16), the
species that appears to cause all destruction. Although the mechanism is not known, the
energetic 02(16) may simply rupture the cell wall or mutate cell mitochondria.

Regardless of the actual cell destruction mode, a real time monitor of O2(ld)
produced via the photoactivation process would be an extremely valuable tool. For
example, treatment efficacy could be correlated with the concentration of 02(16). In
addition, some detailed studies to illuminate the kinetic mechanisms would be possible.

2. Experiment

Our technique is based upon the well known, near-infrared 02(1 l. 3 r) emission bands
near 1.27 pm. Surprisingly, one can detect this emission even through the O2(l 4 3r)
radiative rate is only 3600 S-1 . Parker 1 4 has proposed monitoring this emission and has
reported some preliminary data.
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To-date, we have performed most of our work on liquid samples containing HPD. A
schematic of the experimental arrangement is presented in Figure 2. The laser source was
a CW ring dye laser (Coherent Radiation 699-05) pumped by a Coherent Radiation Innova
100-20 Ar + laser. The laser beam was delivered to the curvette that contained the HPD via
a bifurcated optical fiber. The output from the second leg of the optical fiber was
focused onto a 0.2m monochromator. Optical detection was accomplished by mounting an
intrinsic germanium detector at the output of the monochromator. Lock-in detection
techniques were also employed as indicated in Figure 2.

3. Results

In Figure 3 we show a resolved fluorescence spectrum from HPD in methanol obtained by
scanning the monochromator while holding the dye laser wavelength at 583 nm. The spectrum
is clearly that of the O2(1A 4 3Z) system, and the bandwidth is predominately
instrumental. While the spectrum shown in Figure 3 was obtained for a 1 x 10- 3 molar
solution in methanol we have obtained satisfactory signals for 1 x 10- 5 molar solutions.
Strong signals were also observed in ethanol solutions. The observed O2(1A) signals in
HPD/H 20 solutions were much weaker.

In Figure 4 we present data indicating that the O2(1A) concentration varied linearly
with dye laser power in agreement with the model depicted in Figure 1. Finally, in
Figure 5 we show that there was an apparent dependence of the O2(l) concentration upon
the excitation wavelength. Note that the ordinate in Figure 5 has been normalized by the
laser power.

The preliminary data presented here are encouraging and demonstrate the viability of
the optical detection technique. we are, at present, performing studies on tissue samples
from laboratory rats. These results will be reported at a later date.
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Abstract

Visible chemical lasers have great potential as highly efficient, wavelength agile,
deployable, high brightness laser systems. Applications for such devices include directed
energy weapons for both tactical and strategic military missions, imaging and diagnostic
missions, and scientific laboratory instruments. A laser demonstration is challenging and
requires the integration of chemical kinetics, reactive mixing technology, and optical
physics. Most current research is focused on demonstrating such a laser based on the
metastable energy transfer concept. An extensive data base has been developed over the
past decade to evaluate candidate visible chemical laser systems. Recent accomplishments
in the development of an energy transfer visible chemical laser firmly establish the
opportunity for a near term lasing demonstration.

I. Introduction

Many of the earliest chemical lasers 1-s were based on the establishment of an inversion
between vibrational states as proposed by J.C. Polanyi in 1965. 6 Exothermic reactions,
liberating their energy into the stretching of newly formed chemical bonds can provide

5both complete and partial vibrational inversions. After Cool and Stevens demonstrated an
HF laser requiring no electrical input, high power, highly efficient chemical lasers were
envisioned. HF lasers with powers exceeding 1 MW have been demonstrated and are in an
advanced state of development. These devices are inherently high gain lasers with
significant diffraction limited beam divergence.

To achieve lasing in the visible portion of the spectrum, the higher energies of
excited electronic states are required. The early.photolytic iodine laser led to a
search for a chemical means of exciting atomic iodine. The shortest wavelength chemical
laser in existence today is the Chemical Oxygen-Iodine Laser (COIL) which operates on the
5 2Pi/2 - 5 2P3/2 transition in atomic iodine at 1.315 9m.1 These lasers are driven by
resonant energy transfer from the metastable singlet oxygen. While chemical oxygen-iodine
lasers are in the early stages of large scale development, a 25 kW device is being tested
at the Air Force's Weapons Laboratory and scaling to high output power devices with
excellent beam quality is under active investigation.

Early attempts to demonstrate a visible chemica7 laser were based on analogy to HF/DF
lasers where a chemical reaction is used directly to excite an upper laser level.
Research during the 1970's on candidate systems such as BaO have been reviewed
elsewhere. These early efforts failed in large part because the reaction chemistry
was not constrained to efficiently produce a single electronically excited state. The
current Air Force Short Wavelength Laser program addresses this issue by investigating
highly energetic chemical reactions which are constrained by spin conservation rules to
efficiently generate excited metastable species. These metastable species then act as a
large reservoir of chemical energy which may be efficiently transferred to a suitable
lasant molecule.

II. Why Visible Chemical Lasers?

In light of the availability of several high power chemical lasers, why should we
invest in the development of a visible chemical laser? There are several compelling
answers to this question which depend on the anticipated application. Both directed
energy weapons and imaging missions will be discussed.

A. Directed Energy Weapons

The ability of a laser to damage a distant target is often characterized by the source
brightness which depends on the laser output power, beam divergence, beam jitter, optical
quality of the beam and oher parameters. Device powers of multi-megawatts and
brightnesses of 10o - 10 W/sr are required for some military missions. The intensity
delivered to the target is reduced by beam divergence during propagation. This beam
divergence is controlled by diffraction at the limiting aperture and thus, the delivered
beam intensity depends inversely on the square of the laser wavelength. For example, a
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NF/BiF(A-X) laser operating in the blue would provide a factor of 30-40 increase in
intensity over an equivalent power HF laser. This strong advantage for shorter
wavelengths can be realized if the pointing and tracking optics establish a low value for
beam jitter on the target. Atmospheric turbulence can significantly increase beam8
divergence above the diffraction limit, but may be compensated by adaptive optics. It is
clear that short wavelength lasers could provide a strong enhancement in brightness.

The highest payoff for visible chemical lasers are for space based applications.
Chemical laser systems contain their own energy source and thus, are lightweight and have
great flexibility in deployment. The electronic state transitions of visible chemical
lasers promise greater mass efficiency, a, and nozzle power flux, 6, than the current
generation of chemical lasers. The higher energy stored per molecule in electronic states
provides for laser output energies per mass of input reactants on the order of a=1 NJ/kg.
These efficiencies are important for space based missions to the extent that the required
payload mass is driven by chemical reagents. The required fuel payload is usually
measured in tons per second of laser run time. Theoretical values of mass efficiency can
easily be calculated from the energy content per molecule, but are often substantially
reduced by the diluent gas flows required to control the thermal conditions of the laser.
Mass efficiency is also driven by reagent stoichiometry and key reaction branching ratios.

Continuous-wave visible chemical lasers offer a high duty cycle, good thermal kill
characetristics, low peak powers, and high atmospheric transmission.

B. Imaging and Diagnostic Missions

Laser sources provide a high degree of control over the wavelength, bandwidth,
directionality, polarization, and temporal characteristics of radiation for diagnostic
purposes. Indeed, the field of diagnostic spectroscopy has been revolutionized by tunable
laser sources. 13 The opportunities for applying these advances to military imaging
missions are diverse. Laser based illuminators, beacons, compensators, designators,
radars, and communications are a few such applications.

Visible laser sources are desired for imaging missions due to the availability of
highly sensitive detectors, namely photo-multiplier tubes. The visible chemical laser
offers quasi-continuous wavelength tunability ahd potential pulsed or CW operation.
Wavelength agility is achieved from the many rotational-vibrational transitions
characteristic of diatomic lasants. Pulsed operation might be achieved with approaches
similar to the Zeeman gain-switching recently demonstrated for COIL devices.

C. Spin-Off Technologies

The extensive data base developed in support of visible chemical lasers has already
found use in several related Air Force programs, including: (1) atmospheric kinetics,
(2) rocket fuels, and (3) electrical lasers. In particular, the development of advanced
rocket fuels with significant increases in specific impulse possesses many similarities
with the visible chemical laser program. The investigation of chemically-bound excited
states, or CBES materials, is particularly promising for both lasers and rocket fuels.
Visible chemical lasers have also been suggested for fusion drivers and laboratory
lasers.'

III. Concepts. Reguirements and Approaches

The above characteristics of visible chemical lasers provide high payoff for the
development of this class of laser device. They also impose great constraints to
potential systems. To develop an efficient, scalable, high brightness laser system
operating in the visible under chemical excitation is indeed a difficult problem.

A. Visible Chemical Laser Concepts

Proposals for chemically driven visible lasers may be divided into several classes
according to the excitation mechanism. Several concepts currently or previously under
consideration are: (1) direct chemical lasers based on analogy to HF, (2) energy transfer
chemical lasers based on analogy to COIL, (3) pulsed, detonation driven chemical lasers,
(4) optically driven lasers where a very intense, explosively driven light source is used
for excitation, (5) hybrid electro-chemical lasers where electrical power is used to
initiate highly exothermic reactions, (6) frequency doubled COIL, (7) the vibrational
overtone HF laser, and (8) miscellaneous initiation techniques.

Considerable emphasis is currently given to the metastable energy transfer concept.
The advantages of this approach will be discussed below and the remainder of this paper
will address this concept.
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A generic reaction mechanism for the energy transfer concept is shown in Figure 1. The
production of the metastable energy reservoir is usually achieved through an exchange
reaction (A + BC --> AB + C) involving ground state atomic species such as hydrogen,
nitrogen, or oxygen. Electron spin correlation arguments can lead to selective excitation
of electronic states if the reagents are low mass and the product ground state possesses
an electron spin different than the excited state. Spin correlation arguments also depend
on the spin of the reaction intermediate.31 The spin selectivity during reaction also
implies the product is radiatively metastable and thus a poor lasant. Several reactions
that efficiently produce usable metastable species are provided in Table I. The branching
ratio, 0, is defined as the ratio of rate coefficients for the production of a specified
excited state with respect the total rate for all products. 

*

Metastable Energy Resevoir

Production: A + BC -- 2 AB* + C Branching to Excited
-- 2 AS 4 C Products

Radiaton: A* -- AB + hw r - seconds

Losses: AB* + 0 -- 2 AS + 0 Quenching

AB* + AB* -- : Products Pooling

Lasant Production and Excitation

Production: X + YZ -- 2 XY + Z XY Lasant Ground State

Energy Transfen AB. + XY -- 2 AB XY* Efficiency of Transfer
-- 2 AS * XY

Losses: XY. -- 2 XY + hV Radition

XYO a -- ) XY +. Quenching

XY. 4 AS. -- 2 Products Poolng

Losing XY 4 hp -- 2 XY + 2 hv Sthmisted Emission

Figure 1. Metastable Energy Transfer Concept.

Energy may be lost from the reservoir due to quenching and pooling reactions.
Typically, the metastables are transported from a chemical generator to a nozzle assembly
where they are mixed with the lasant molecules. Excited-state to excited-state
interactions (energy pooling) must be minimal to prevent significant losses upon pressure
scaling. Singlet states are desirable in this regard, since their paired electrons tend to
be less reactive. Several important metastable pooling reactions are given in Table II.

Unfortunately, most lasant candidates are thermodynamically or kinetically unstable and
must be produced in the laser flow. Rapid and efficient transfer of energy from the
reservoir to the upper lasant level is required. Several candidate systems, most notably
the NF(b)-IF(B-X) laser, 3 have faltered on the efficiency of the energy transfer step.
Required chemical pumping rates are discussed below. Losses to the upper laser level
include radiation, quenching and pooling. Pooling of the upper laser level with the
metastable is often a dominate loss mechanism.

Table I
Excitation Selectivity and Spin Correlation

Reaction Yield Radiative Lifetime Reference
(seconds)

H( 2S) + NF 2(2 B ) -- > HF(I E) + NF( A) > 90% -(NF A)=5.6 15-16

N 2( 4S) + N ( 2I) -- > N 2( 3 ,3 A) + N 2( Z ) - 50% r(N 2I)=2.0 17

F(2) + N3( 2p) -- > N2( Eg+ + NF(IA) - 80% t(NFA) =5.6 18
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Table II
Excited State Interactions (Energy Pooling)

Reaction Rat? Coefficient Reference
(cm /molecule-s)

0 2(aA) + 0 2(aA) -- > Products 6 x 10 - 17  19

NF(a'A) + NF(a'A) -- > Products 2 x 10 - 12 20

< 1 x 10 -13 21

N2(A 3Z) + N2 (A 3E) -- > Products 3 x 1010 22

B. Kinetic and Mixing Requirements

The kinetic excitation requirements for a visible chemical laser were described in 1980
by T.A. Cool.24 Laser gain can be described by the equation

2

T(v) = (A2/8n) A g(v) / tr (1)
where

A = N2 - (g/gl) N, = population inversion

tr= radiative lifetimer

g(v) = lineshape factor

The gain, T(vA, must exceed the cavity losses, which can be characterized as a cavity
lifetime, rc. Thus, for a Doppler broadened line, the required population inversion is:

A > (412/A ) (8kT/nmc2) rr/tc (2)

The required inversion increases quite rapidly as we move from the infrared to visible
portion of the electromagnetic spectrum. Evaluating this inversion requirement in the
visible (A=500 nm) for a minimum gain of 10 3 cm-1 provides a critical fluorescence rate
of A/rr > 1016 molecules/cm -second.

Consider the chemical pumping rate required to achieve this critical fluorescence rate.
Figure 2 illustrates a generic excitation process. For simplicity a direct excitation
mechanism is shown. The reagents must cross a small activation barrier with a nearly gas
kinetic rate. Even if the branching of products is near unity for a selected electronic
state, the popylation in a single rotational-vibrational state will be diluted by at least
a factor of 10 for most diatomic lasants. If the lower laser level is assumed to be
unpopulated and the only loss process for the upper laser level is radiation, then the
steady-state population inversion would be

Ass = k P [A] [BC] rr (3)

where k = kinetic pumping rate coefficient 0- 0 cm 3/molecules-second
p

* = branching ratio to upper laser level - 10 -

Applying this result to the critical fluorescence rate provides required reagent
concentratiops of [A] [BC] > 1029 molecules /cm or an excitation rate of 1019

molecules/cm -second. A few candidate systems have demonstrated a potential to scale to
this rate of excitation and will be discussed below.

These rapid kinetic excitation rates are often limited by diffusion of reagents in a
supersonic mixing nozzle. If the time scale for mixing is long compared to the radiative
lifetime, then the effective excitation rate is substantially reduced and the required
reagent concentrations correspondingly increased. Current nozzle technology limits the
mixing time to values greater than 1-10 gs. On the other hand, long radiative lifetimes
imply large population inversions for a given critical fluorescence rate. Thus, lasants
with radiative lifetimes of about 10 gs are highly desirable.

The complete collisional dynamics of the excited and ground electronic states of the
lasant must be favorable as well. In the above analysis we assumed that all the
excitation could be channeled to a single vibrational state without kinetic loss. To
achieve this condition, the vibrational thermalization processes must be rapid with
respect to quenching, dissociation, pooling and other kinetic losses. The above analysis
also assumed the lower laser level was unpopulated. Bottle-necking in the ground
electronic state can be a severe problem. Systems with displaced potential curves (large
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difference in equilibrium internuclear separation), repulsive ground states, or reactive
ground states can help considerably in this regard.

k.

E a I- E CII(O SIAIE'

A + Bc
IV* , AB*

krCROUID SilAE"

Figure 2. Chemical Laser Kinetics.

Finally, several miscellaneous requirements and issues should be considered. There
exist many chemical engineering issues involved with preparing the high flow rates of
toxic, highly energetic, unstable, low vapor pressure, and reactive species necessary for
both metastable and lasant production. Low temperatures are desirable to maintain a low
rotational dilution and suggest supersonic expansion after combustion or high heat release
processes. Once stimulated emission is achieved, the kinetics may be dramatically altered
by this very rapid optical process. The assessment of scalability and efficiency must
include the effects of stimulated emission. The inherent low gains achievable in these
systems suggest potential problems with high intracavity flux and long photon build-up
times. Pulsed initiation or excitation may relax some of the above kinetic requirements.

Based on the system performance criteria discussed above, the requirements for a
visible chemical laser system are rigorous A highly exothermic reaction involving
lightweight molecules with near unit branc ng of products to a single, excited electronic
state is required to chemically drive the laser. The reaction barrier should be low as
the rate for product formation must be nearly gas kinetic, yet reagents must be acceptably
stable. The energy transfer chemical laser must also identify a suitable lasant molecule
which efficiently and rapidly receives energy from the metastable r~servoir. The rate of
chemically pumping the lasant must be of the order 1019 molecules/cm -sec and critical
inversion densities are typically 1013 molecules/cm 3 . Near unit efficiency in the energy
transfer is required for efficient operation and all energy loss mechanisms ultimately
result in thermal control problems.

While the requirements for a visible chemical laser are rigorous, a few candidate
systems remain promising and are discussed below. First, let us examine the approach to
laser development.

C. Approach to Laser Development

A three-fold approach to developing a visible chemical laser based on the energy
transfer concept is being pursued: (1) development of highly efficient chemical generators
of energetic metastable species, (2) identification of potential laser species with the
required spectroscopic and kinetic properties, and (3) coupling of a suitable metastable
generator to a lasant and the demonstration of a scalable visible chemical laser.
Figure 3 presents a flow chart embodying this approach.

Identification and characterization of potential lasant species usually involves
several different studies including spectroscopy, lasant production kinetics, radiative

236



and collisional dynamics of excited and ground electronic states, and optically pumped
laser demonstrations. Optically pumped lasers are particularly useful in studying the
kinetics under approximated chemical laser conditions.

11 Producing a metastable energy
reservoir involves basic kinetic studies of highly energetic reactions and scaling of
reagents to engineer a small scale metastable generator. These activities must be
coordinated to insure the development of a complete system with efficient coupling of the
metastable and lasant. Energy transfer excitation studies, examination of pressure
scaling laws, and chemical compatibility studies are included in this phase. Several
candidate systems that have passed the tests of these steps are provided in Figure 4.

SPECTROSCOPIC AND KINETIC STUDIES KINETIC STUDIES OF HIGHLY
Ar PO KENI AL LASER SPECIES ENERCETIC REACTIONS

OPTICALLY-PUMPED METASTABLE GENERATOR
LASER DEMONSTRATIUNS DEVELOPMENT

S PULSED. PHOTO-INITIAT[O

CHEMICAL LASER

REACTIVE FLOW HIGH CEN SIT' SCALABLE
MIXING TECHN IQUES METASTABLE GENERATOR

'" FULLY CHEMICAL. CW 1

ISBL CHEM LASER

Figure 3. Approach to Developing a VCL Based on Energy Transfer Concept.

Currently, research efforts are focused on demonstrating a visible chemical laser with
pulsed, photo-initiated techniques. Such efforts can be undertaken at modest cost,
circumvent reactive mixing requirements and relax several kinetic requirements. Once a
laser is demonstrated, an intensive effort to develop a fully chemical, continuous-wave
laser will follow.

IV. Survey of Candidate Energy Transfer Systems

Several candidate visible chemical laser systems are presented in Figure 4. The
technology status including currently achievable energy densities and efficient means for
extracting this energy in the form of lasing photons is summarized. The metastable energy
carriers are ranked according to experimentally obtained energy densities. Prime
opportunities for a laser demonstration are suggested below. iThe promising singlet oxygen
driven iodine monofluoride laser has been reviewed previously and will not be discussed.

A. Excited NF Driven Lasers

The first excited electronic state of nitrogen fluoride, NF(a A), is a premier
candidate for a metastable energy carrier to drive a visible laser. Energy densities of
greater than 6.7 Joules/liter have been demonstrated. NF(a'A) can b _che cally
generated with near unit efficiency from several reactin 2 chanisms, 1 s hi gy

immune to poo i _2and quenching energy loss mechanisms, ' and possesses a reactive
ground state. '% -3 The production chemistry is potentially compatible with existing HF
laser hardware and lasing could be achieved in the blue near 450 nm.

NF is iso-electronic with molecular oxygen and has an analogous3 electron ic structure
with only three electronic states at energies less than 5 eV: NF(X E-), NF(a A) and
NF(b E). This feature significantly reduces the pathways for energy partitioning during
production and subsequent transport of NF(a). f(a) has an energy content per molecule of
1.4 eV and a radiative lifetime of 5.6 seconds.
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Metastable Energy Obtained Lasant Lasant Wavelength
Energy Carrier (eV) Energy Density Transition Lifetime (,s) (nm)

02(a 16) 0.98 16 kJ/m3 IF(B-X) 7.0 625

NF(a 16) 1.4 6.7 kJ/m3 BiF(A-X) 1.4 450

NF(b-X) 2.3E+4 530

Bi(4P-2P) -15 915

N2(A3Z) 6.2 0.1 J/m3 IF(B-X) 7.0 625

SO(A-X) 35 299

NO(A-X) 0.2 248

N2(x,v 5) 1.5 24 J/m3 IF(B-X) 7.0 625

Figure 4. Candidate Visible Chemical Laser Systems.

Efficient, chemical production of NF 3a'A) has been demonstrated using several
different chemistries. Clyne and White were the first to observe a chemiluminescent
reaction between H and NF2 that produced both NF(a-X) and NF(b-X) emissions. Herbelin and
Cohen proposed an addition-elimination reaction that directly produces singlet NF:

H + NF2 --> HNF2 --> HF + NF(alA) (4)

Malins and Setser's and more recently, Koffend et all , have demonstrated that spin is
conserved in the reaction and the branching to the NF(a) product is greater than 91%. The
rection is rapid_ with a room temperature rate coefficient of k3= 1.5 ± 0.2 x 10"
cm /molecule-sec. The partitioning to HF(v) and NF products is well characterized.1S
In the presence of excess Pydrogen atoms, the sinlet NF reacts slowly with H to produce
excited nitrogen toms, N( D), and an NF(a) and N( D) interaction produces electronically
excited nitrogen. Thus, the stoichiometry is usually chosen to be lean in hydrogen
atoms when exciteA NF is the desired product. Supersonic flows with NF(a 6 concentrations
as high as 6 x 10 molecules/cm have been achieved using this chemistry.

The a'A state of NF can also be efficiently generated by the reactions of fluorine
atoms with hydrogen azide, followed by a second reaction of a fluorine atom with the
resulting azide radical:

F + HN -- > HF + N (5)3 3

F + N --- > NF(a A) + N2  (6)

The rate of NF(a) production is limited by .eaction (6) with a moderately fast rate
coefficient of 4±2 x 10-1 cm3/molecule-sec. The yield of NF(a) is high, about 85%.
However, this production chemistry does not scale well, as N3 + N3 interactions
significantly reduce the efficiency of NF(a) production. Indeed, this a2ide chemistry has
been shown to be an efficient source of electronically excited nitrogen.

26Recently, Benard and coworkers recognized that this scaling limitation might be
removed if fluorine azide, FN3, could be used directly. Reaction (6) must proceed through
an FN3 intermediate and thus one might expect fluorine azide to dissociate to singlet NF
products under the proper conditions. Fluorine azide is the most energetic of the halogen
azides and is a model for a chemically boun excited state (CBES) material. This
energetic compound may be vie.ed as an NF(a A) molecule weakly bound (0.6 eV) to a ground

state nitrogen molecule, N2(X Z). In a pulsed thermolyjis experiment where a premixed
SF6/FN3 gas is rapidly heated by CO laser pumping, NF(a A) concentrations of greater than
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3 x 1016 molecules/cm
3 have been achieved with yields of 70 ± 25 %.26

Methods for extracting the energy stored in singlet NF in the form of coherent photons,
or lasing, are currently under active investigation. Most excited NF driven laser systems
invoke an energy pooling mechanism to establish lasing in the green or blue portion of
the visible spectrum.

Initial work by Capelle et a137 led to the investigation of bismuth atoms as a receptor
of NF(a) energy. The energy transfer is near resonant, proceeds at a gas kinetic
rate, and would lead to a laser completely analogous to 02(a) pumped I . In 1983,
Herbelin et al9 attempted to scale the production of Bi(2D) in this system. Upon
scaling, the Bi(2D) was efficiently converted to electronically excited bismuth fluoride
emitting at A=420-480 nm. While the excitation chemistry is complex, considerable data is
available on the scaling of BiF(A) with NF(a) and clearly indicates a quadratic
dependency. Near threshold BiF(A) concentrations of about 10 molecules/cm have been

achieved. 
9

A second approach to using energy stored in NF(a) to achieve lasing in the viqible is
based on energy pooling with a second energy carrier such as HF(v), 02(a A), or I to
produce NF(b). NF(b) can then be used to transfer energy to a suitable lasant molecule or
lased directly. One4yarticularly promising concept is the NF(b-X) green laser outlined by
J. Herbelin in 1986.

B. Excited Nitrogen Driven Lasers

The excited nitrogen laser is based on the generation of either electronically or
vibrationally excited nitrogen metastables and subsequent energy transfer to a suitable
lasant such as IF, NO or SO. While several schemes for efficiently producing excited
nitrogen have been identified and characterized, I ' chemical generators capable of
delivering excited nitrogen at concentrations sufficient to drive a visible laser have not
beer developed. However, these systems provide high payoff in that the energy stored in
N2 (A Z) is sufficient for lasing at wavelengths as short as 200 nm without energy pooling.

The three lasant candidates, IF, NO and SO, are efficiently excited by energy transfer
from N2(A) with nearly gas kinetic excitation rates and 

branching ratios of 0.4-1.0. -

Iodine monofluoride is a particularly good visible lasant that has been well characterized
both spectroscopically and kinetically.45 The short radiative lifetime of NO(A) would
introduce difficult mixing problems for any CW laser driven by N2(A). Features of SO(A)
as a lasant are discussed in a following paper from this conference.

A primary difficulty for the excited nitrogen laser is the very rapid energy pooling
reaction noted in Table II. Several approaches have been taken recently to overcome this
problem. A pulsed N2(A) driven laser might succeed if the metastable and lasant are
premixed and the rate of N2(A) production is exceptionally fast. S. Rosenwaks is
currently investigating an explosively driven lead azide laser concept that uses this
approach. Alternatively, one might allow the energy pooling to proceed to completion
with final products including large concentrations of highly vibrationally excited ground
state nitrogen. Vibrational to electronic energy exchange with a lasant such as IF might
then be used as the laser excitation mechanism.

V. Conclusions

Visible chemical lasers provide important and unique opportunities for both directed
energy weapons and diagnostic applications. The long term, low level investment in this
technology area during the past decade firmly establishes the opportunity for a lasing
demonstration in the near term. It is time to capitalize on this mature scientific data
base and apply sufficient resources to engineer the facilities for a significant laser
demonstration.
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SHORT-WAVELENGTH CHEMICAL LASER DEVELOPMENT

J. M. Herbelin
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Abstract

The results of a series of subsonic and supersonic continuous-wave (cw) flow studies
directed toward the development of a cw sipersonic laser device that operates in the vis-
ible (blue-green) region of the spectrum are summarized. They clearly support the theo-
retically predicted quadratic dependence of excited-state BiF* on NF*. Based on this
observed scaling dependence, a supersonic flow system is described and related operating
conditions are identified. The performance of this supersonic visible chemical laser sys-
tem is then predicted.

Introduction

Since its discovery in 1984, the nitrogen fluoride/bismuth monofluoride, NF(a)/BiF,
reaction system has been under constant investigation as an effiyignt energy source to
power a supersonic blue-green continuous-wave (cw) laser system. During that time a
series of subsonic and supersonic flow studies were conducted. The results, when taken
collectively, support the scalability of this reaction system to the BiF* density levels
required to demonstrate lasing. This paper reports on the results of the work, which
focused on correlation and interpretation of past kinetics and radiation experiments, and
the modeling of logical steps toward the development of a supersonic laser system.

Scaling Law

In Figure 1, the scaling results are summarized as a log-log plot of the density of
electronically excited BiF(A), the lasing species, versus the density of NF(a), the energy
source. BiF* is generated by the following sequence of reactions: 'P

for NF* generation,

F + H2 -- HF + H (1)

H + NF 2 -- HF + NF*; (2)

for BiF* generation,

Bi + NF* -- Bi* + NF, (3)

Bi* + NF* -- BiF* + N, (4)

14 1100

13 SUPERSONIC- - 10

LASER
12 REGIME 1 

3S 11 
. - 0.

10 N TMB

9 2 0 METAL

8
13 14 15 16 17

LOG [NF(a)]

Figure 1. Summary of the BiF(A) scaling results for pure
metal (0) and TMB (U) as bismuth sources in the (1) low-
density subsonic, (2) intermediate-density subsonic, and
(3) high-density supersonic flow experiments. The
projected system performance is indicated by (4).
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and

BiF* -BiF + hv; (5)

and for bismuth atomic regeneration,

H + BiF---HF + Bi. (6)

NF*, Bi*, and BiF* refer to the excited states of NF(a I A), Bi( 2 D 3/ 2 ), and BiF(AO+), whereas
NF, Bi, and BiF are the respective ground states.

With reactions (N and (2), we gave been able to scale up the NF* density to the order
of approximately 10 molecules/cm in a thermally controlled (T = 300 0C) supersnic
flow. The vertical lines in Figure 1 indicate the demonstrated operating regime V of such
a supersonic NF* flow. From reactions (3) and (4), we see that two NF* are required to
produce one BiF*, resulting in the quadratic dependence

BiF* a[NF*]2 , (7)

indicated by the two linear curves with slopes of 2. These lines are distinguished by
whether the pure metal or the compound trimethylbismuthine (TMB) was used to introduce the
bismuth into the NF* flow stream. The pure-metal performance (0) appears to be an order of
magnitude better than that of the TMB (U) because of the absence of undesirable side reac-
tions involving the TMB and its reaction products. Nevertheless, it is quite clear that
the same quadratic dependence holds for both bismuth sources

The results from the original low-density flow tube studyl are indicated by the numeral
1 in the lower left-hand corner of Figure 1. Because of the low densities and slow veloc-
ities involved in that study, we could treat the system as premixed, and the value of each
of the two data points for the pure-metal and TMB cases was accepted without adjustment.

As one scales to higher densities, however, the large physical sizes and masses of Bi
and TMB result in the relatively slow diffusion of these species, and mixing becomes the
limiting process. Consequently, mixing considerations become important, and the mixing
flamesheets must be analyzed carefully to determine the correct scaling properties. In the
next set of experiments (numeral 2 in Figure 1, well-defined side-by-side laminar flows of
NF* and either Bi metal or TYB were developed. Since these experiments have been de-
scribed in detail elsewhere, here we present the major findings that relate to the scaling
issue. Figure 2 shows a typical cross section of the flamesheet that is produced in a
subsonic facility. The bismuth flow is on the left side of the figure and joins the NF* on
the right side. This contact between the two streams first produces the Bi* on the left,
which is subsequently converted into BiF* in the center.

In the previous experiments, it was not possible to measure the Bi* and NF* distribu-
tions directly; they had to be deduced from blue BiF* and other visible emissions. In
later experiments, we focused on a direct measurement of each of these species, which con-
firmed the correctness of deduced distributions. Consequently, the peak BiF* density has a
well-defined value that can be computed from the Bi* and NF* densities measured in the same
volume. The value is given by the theoretically derivable relationship

[BiF*] = k4 [NF*][Bi*]/A, (8)

where k4 is the rate coefficient of reaction (4) and A is the Einstein coefficient for the
spontaneous emission of reaction (5). This computation enabled us to pinpoint the concen-
trations for the metal and TMB subsonic flow tests shown in Figure 1.

For the supersonic flow results (numeral 3 in Figure 1), the analysis was complicated by
a rather poorly defined flame zone, owing directly to the type of mixing scheme used to
introduce the bismuth: side-wall injection. In this scheme, tetrafluorohydrazine (NJF4)
and a mixture of TMB and He were injected Into a supersonic stream of fluorine atoms n
helium through an array of small holes on the sides. Farther downstream, H2 was injected
and then the resulting NF*, Bi*, and BiF* signals were measured.

In this type of side-wall injection, the flow streams are not distinct as in the sub-
sonic flow. Therefore, the "average" value of the BiF* density (K in Figure 1) is a lower
bound to the peak density, defined above. From simple diffusion arguments, the BiF* flame-
sheet is expected to occupy a minimum 15 to 20% of the flow volume, so an upper bound to
the peak value would be a factor of 5 to 7 times this average value, as indicated by the
arrow in Figure 1. Since these two bounds bracket the quadratic scaling curve for TMB, our
confidence in the scaling laws is increased.
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FLAMESHEET PROFILES

BiF(A) NF(a)

PEAK DENSITIES UNITS

09 NF(a) 800 x 1013 moleculeslcm3  B(D) /

Bi(D) 100 x 1012 alomstcm3  "

08 BiF 500 x 109 moleculeslcm
3

07 
T

FLOW = 10368 K
THEATER = 1116.6 K
PRESSURE = 6 Tort

_ 06 POWER SUPPLY = 10 kV
Dr

N2F4 = 77 pmoleslsec
;, 05

04 / .

03 I

02 /"

0 J____

0 5 10 15 20 25 30 35

VERTICAL DISTANCE (mm)

Figure 2. Transverse flamesheet profiles measured in the

intermediate-density subsonic flow facility.

BiF* Demonstrator

The next step in the development of a blue-green laser would be to scale the system to a
lasable density. This could be accomplished by introducing a supersonic stream of bismuth
metal in helium into the supersonic NF* flow operating in the above-mentioned regime (num-
eral 4 in Figure 1). A cross-sectional view of a device capable of achieving this condi-
tion is shown in Figure 3.

NF3 PLENUM NF2 - rNF Bi + BiF*

F, HBi H/ Bi V

COOLING (typ) - - N2F4  TRIP (typ) FREE JET
METALLIC Bi. H2J I H2
BiH 3, TMB

Figure 3. Cross-sectional view of a prototype
BiF laser demonstrator using a dual-plenum/
nozzle concept to generate both the oxidizer,
NF*, and receptor, Bi, supersonic streams.

This particular design employs an arc-driven plenum to produce a flow of hot (T -
1800 K) helium that is then split into two subplenums. A fluorine source is introduced
into the upper subplenum and a bismuth-atom source is introduced into the lower one. These
flows are expanded supersonically as N2F4 is injected into the upper stream. The injection
of H2 follows, as shown, using trip-nozzle technology to enhance the mixing in the result-
ing reaction zone. This approach is ex?lcted to produge a reasonably well-defined BiF*
flamesheet at a density in excess of 10 amolecules/cm , as indicated by the numeral 4 in
Figure 1.

An efficient, low-risk way to implement this demonstration would be subdivided into
three subtasks:

0 The development of a supersonic flow of bismuth atoms using pure-metal or bismuth
compounds or both. The bismuth density would be measured using dye laser probes.
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* "Marriage" of NF* and bismuth supersonic flows using conventional and trip-flow

technologies to achieve excited-state scaling in a well-defined laminar flow field.

" Measurement of gain and demonstration of laser action.

Following an initial demonstration, many design variations could be explored for short-
wavelength chemical lasers:

* The use of a combustor instead of an arc.

* The use of bismuth compounds such as TMB or BiH 3 instead of pure metallic bismuth.

* Investigation of alternative sources for generating NF 2 in place of N2 F4.

These different approaches offer important trade-offs that need to be considered for the
more advanced designs of this potential space-based laser system.

BiF Laser System Design

In order to establish the feasibility of a larger system, and to anticipate major prob-
lems, a preliminary system design was performed. One of several concepts for a BiF super-
sonic laser is shown in Figure 4. The design is similar to existing cw HF laser devices
based on the cold F + H2 reaction system. This particular concept uses a linear array of
vertical slit nozzles in a bank 1 m long and 10 cm high. The key difference between this
BiF system and existing HF machines is the somewhat more sophisticated nozzle required to
introduce the additional ingredients NF 2 and Bi.

-175 kW

1- -20 cm

p- 0 Cm .....

10 Torr
NF3 ,H2 -Bi-\, SUPERSONIC FLOW REACTIONS

"- J- O F + H2 -HF* + H
COMBUSTOR Q--S--... H + NF "'NF* + HF
NF3, H2, 

5i T- 2 N +

DIL , - Z ) Br

( NF* + Bi - NF + Bi*
NF* + Bi*'- NF + BiF*
BiF* + hv'- BiF + 2 hv ( X 450-470 nm)

Figure 4. Conceptual design of a cw supersonic BiF*
laser based on established HF laser device technology.

The NF* and Bi supersonic streams are prepared using a common plenum. In one throat,
excess NF is used to produce the fluorine atoms that are converted into NF* with the sub-
sequent iAtroduction of NF 2 followed by injection of H2 , as was done in previous flow ex-
periments. (It is conceivable that the NF 2 radical, as well as the fluorine atoms, can be
generated from NFA by proper design of the plenum and throat, since experiments have con-
firmed that reasoFiable yields of NF2 can be produced from wall-catalyzed reactions. How-
ever, more research is needed before this added simplification can be relied upon.) In the
other throat, excess H2 together with a bismuth source such as BiHq or TMB is added to
generate the bismuth atoms. By injecting the compound into the planum, complete disso-
ciation will occur and performance equivalent to pure-metal injection should be obtained.

A second concept has been developed that could greatly simplify the nozzle design. This
approach relies on the introduction of BiH directly igto the reaction stream together with
the hydrogen. The BiH is stable at low tamperatures, but should dissociate rapidly in
the presence of electrnically excited NF*:

BiH + NF*-BiH* + NF (9)
and nn
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BiH* -BiH H (10)n (n-1) +

for n = 3,2,1. Hydrogen atoms, which are produced in large quantities by means of reaction
(1), are also available to contribute to this dissociation process by the reactions

H + BiH -- H2 + BiH (n-) -Bi* + (n_) H2" (11)

These latter reactions are particularly interesting, since theory suggests that the bismuth
should be produced in the excited state, which enhances the system efficiency. However,
the kinetics of the BIH 3 dissociation need to be studied before this approach can be adopt-
ed with confidence.

The predicted performance of this conceptual laser device is shown in Figure 5. The
calculations were performed using the simple kinetic scheme [reactions (1)-(6)] combined
with a laminar flamesheet mixing model. This approach is similar to the one used to
develop the analytical diffusion model (ADM), which was succes3ful in describing the gen-
eral performance of cw HF/DF lasers to an accuracy of approximately 10%.9

500 SUPERSONIC FLOW 50

NOMINAL OPERATION REGIME

400 40

300

200 20

100 10

0f 00 10 20 30 40 50 60 70

PCAVITY (Torr)

Figure 5. Predicted performance

of a cw supersonic BiF laser.

The optical resonator used in these calculations is a version of the reverse-wave-
suppressed unTa4e ring cavity used to demonstrate excellent beam quality from a 2-kW HF
laser system. .... The resonator in these experiments was operating at an equivalent gain
per unit length well below that expected to be generated in the BiF* device. To be spe-
cific, when scaled from the 2.7-pm HF wavelength to the 0.45-pm BiF wavelength, the equiva-
lent gain requirement for this cavity is 3.8%/m. It is well below the 20%/m gain predicted
for the BiF* system.

In order to take advantage of the long cavity length of the ring, we will employ a fold-
ed path over en extended gain zone. The gain zone for the BiF is predicted to range from
18 to 25 cm in length, allowing ample space for a multiple-pass geometry (see Fig. 5).
This stems from the fact that the mixing and deactivation processes are slower in the BiF
laser than in the HF laser--it takes approximately 10 times longer to consume the NF*.

Because we are dealing with visible light, mirror loading problems are greatly reduced.
The outpu beam of the resonator is approximately 1.3 cm in diameter for an equivalent
100 kW/cm flux. However, since good optical coatings in the visible exhibit <10 ppm
absorption, the worst-case heat loading would be 2 W/cm at this mirror. If this 5esonator
is designed to couple out 25% of the power, the maximum internal loading is 8 W/cm , which
is well within the capabilities of current technology.

Conclusions

The results from a series of subsonic and supersonic flow experiments clearly support
the theoretically predicted quadratic scaling law for excited-state BiF* as a function of
NF*. On the basis of these results, the described small-scale supersonic flow device
achieves laser action and provides a test-bed for future studies.
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PROGRESS TOWARDS A SHORT WAVELENGTH CHEMICAL LASER

Steven J. Davis
Physical Sciences Inc.

20 New England Business Center
Andover, MA 01810

Abstract

Research efforts to develop a short wavelength chemical laser have continued to show
progress during the last few years. In this paper we present a brief history of these
efforts and we discuss some recent results that involve energy transfer from metastable
species to potential laser molecules.

1. Introduction

Short wavelength lasers that derive their energy from chemical puulping have been of
interest to the laser community since the early 1970's. To date, however, the frequency
doubled (X = 657.6 nm) chemical oxygen iodine laser

1 , 2 
is the only system that has

produced visible wavelength output. Indeed, the COIL
1 

device operating at 1315 nm is the
only other chemically pumped laser that produces an output at a wavelength shorter than
the HF vibrational laser (X -2.7 um). Several potential applications have motivated the
research to develop a short wavelength chemical laser (SWCL). There are a variety of
defense related applications such as strategic defense and secure communications. These
devices might also find uses in the medical community.

2. Early Efforts

The search for a SWCL began soon after the advent of vibrational chemical lasers such
as the HF(Av=l) system that provides output near 2.7 pm. Since HF has the largest vibra-
tional spacing of any heteronuclear diatomic molecule one must invoke excited electronic
states to cbtain short wavelength lasing on a diatomic molecule. For atomic lasers one
might be able to lase between two terms of a ground state configuration. The COIL device
is an example of this; lasing occurs on the 

2
Pl/2 -_ 

2
P 3 / 2 transition which is in actually

two spin orbit terms of the ground state atomic configuration. However, COIL and other
potential analogous atomic systems are considered to be electronic transition lasers.

There were numerous attempts to develop SWCL's in the 1970's based upon metal oxide
type molecules, and BaO was an archetypical example. Using the HF laser pumping reaction
as a model:

H2 + F -- HF(v) + H , (1)

reactions such as

Ba + N 2 0 - BaO* + N 2  (2)

were investigated. While it initially appeared that large populations of electronically

excited molecules could be produced,
3 

later work demonstrated that reaction (2) produced,
almost exclusively, vibrationally excited ground electronic state BaO.

4 
Excitation of BaO

excited states was by intersystem energy transfer. It is now generally believed that this
process was operative in many of the metal oxide candidate systems.

One very important result of all the early work in this field was the recognition
that reactions that efficiently partition energy into excited electronic states are rare.
Indeed, there are at this writing only two documented cases of efficient production of
excited species at densities high enough to be relevant to SWCL production. These are
O2(al )

1 
and its isoelectronic cousin NF(alA).

5 , 6 
The ground states of each of these is

X Z. Thus, the a--X systems are spin forbidden, and the species are very metastable.
Correlation rules

7 
for spin and orbital angular momentum predict that most efficient

production of excited electronic states will occur if: a) there is an excited product
state of the same symmetry as that for the reactants, and b) a similar correlation does
not exist for the ground state product. Usually electronic spin is the more rigorous
constraint. These correlations are readily calculated using standard direct product
tables.
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We note that O 2 (a
1 ) is the species that excites the COIL device via the rapid and

efficient energy transfer reaction

0 2 (a 1KI + I( 2P 3/2) - 0 2 (x 3fj + I( 2 P/2) (3)

Lasing occurs on the atomic iodine (2 Pl/ 2 -4 
2P3/2 ) transition at 1.315 pm. This transfer

laser involving a metastable energy reservoir and a laser specie can serve as a model for
other potential systems.

If we examine O2 (a) and NF(a) as potential reservoirs for SWCL applications we must
question the ability of these two metastables to pump transfer partners that could lase at
visible wavelengths. Although the respective electronic term values, Te, for 02(16) and
NF( 1 ) (7918 cm- 1 and 12,003 cm-1 ) would appear to be insufficient to produce visible
lasing, there have been numerous observations of visible chemiluminescence produced via
energy transfer from these species. For example 12 (B),

8 IF(B), 9- 11 BrF(B)9 can be excited
by O2(16) and BiF(B) is produced via energy transfer from NF(IL). 1 2-14 The details of the
excitation mechanisms are not understood, but it is clear that at least two metastable
singlet delta molecules are required for each excitation. A clear example of this was
demonstrated in a recently in our laboratories when we showed that the IF(B) concentration
scaled as the square of the O2(14) concentration.1 1 The important point is that there are
examples of energy transfer from metastables that have mature chemical generation
technologies to species that are exceedingly promising laser candidates.

Of these laser candidates, the IF(B4X) and BiF(B4X) systems are relatively advanced
with respect to chemical laser development. The NF/BiF system is at present being
investigated by several groups1 2-14 and scaling to laser densities is being performed.
Both pulsed and CW, tunable IF lasers (550 to 750 nm) using laser excitationl 5' 16 have
been reported. The IF(B) state is immune to numerous quenchers 17 19 and has large
stimulated emission cross sections, e.g., aSE = 7 x 10-17 cm2 for the R(21) branch of the
(0,4) band. The radiative properties of BrF(B)20 are similar to those of IF(B) and we
expect similar laser potential.

3. Recent Results

In some recent work examining energy transfer from O2 (a
1 ) to IF(B) we have observed

some interesting and significant results. While it has been shown previously that ground
state IF can be excited to IF(B) using metastable 02, we recently observed dramatic
enhancements (nearly three orders of magnitude) in the IF(B) production efficiency when
the IF(X) was vibrationally excited prior to reacting with the 02(16).21 The experiments
were performed in a fast flow reactor. The degree of vibrational excitation was monitored
using standard laser induced fluorescence techniques. The experiments were done by
reacting both vibrationally cold IF(X,v=0) and vibrationally hot IF(X,v>>0) with O2(la).
From here on we call IF(X,v>>0) IFT. The cold IF(X) was formed by the CF3I+F reaction2
and IFT was produced using 12+F.

2 3 ,2 4 A comparison of the IF(34X) chemiluminescence
intensities produced using both CF3 1 and 12 as iodine donors is shown in Figure 1.
Although each iodine donor produced equal total [IF(X)], the temporal profiles and the
intensities of IF(B-X) emissions are strikingly different for the two cases. The (IF(B)]
temporal profile originating from CF3I + F + 02* has a much longer decay time and is at
least two orders of magnitude smaller in amplitude than the profile obtained from the
12 + F + 02* reaction. (The signal growth at short reaction times (-0.5 ms) is ascribed
to mixing.) Although it is not immediately obvious from the plots shown in Figure 1, the
chemiluminescence intensitys from the 12 + F + 02* reaction was only a factor of 2 greater
than that from the CF3I + F + 02* reaction at long times (>5 ms). Thus, at long reaction
times, the two reaction schemes appear to give comparable IF(B) excitation rates. These
observations are consistent with vibrationally hot IF(X) being involved in the excitation
process when F + 12 is used to form IF(X). As described previously, nascent vibrational
distribution produced from F + 12 is very non-Boltzmann 2 3 ,2 4 while CF3I + F produces a
much more thermal distribution.2  Our interpretation of the data shown in Figure 1 is
that vibrationally hot IFT produced by reaction (3) is pumped by 02* to IF(B) much more
efficiently than is the cold IF(X) produced from reaction (2). At longer reaction times,
IFT is relaxed by V-T transfer with the Ar bath gas, and the excitation of IF(B) becomes
much less efficient. When IFT is totally relaxed one would expect the excitation process
to be identical to that using CF3I, and indeed the [IF(B)] produced become comparable at
reaction times exceeding 5 ms. We performed some preliminary mechanistic studies that
showed that the following sequential pumping model was probably operative.
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12 + F 4 IFT + I (4)

IFT + O2(lA) I IF(A') + 02 (5)

IF(A') + O2(16) 1 IF(B) + 02 (6)

where IFT is vibrationally excited ground state IF. We found that IF(X,v>9) were the
active species. This can be explained by the energy levels shown in Figure 2. Examina-
tion of Figure 2 shows that the two step process (reactions 5 and 6) requires considerable
internal energy in IF(X). We found that as IF(X,v>9) was removed the production effi-
ciencv fell concomitantly as shown in Figure 1. The IFT is quite immune to quenching and
it could be transported tens of cm in a supersonic flow laser.

There are other reported observations that highly vibrationally excited ground state
molecules can excite electronic energy levels that subsequently chemiluminesce. For
example, the A1 and A'11Z states of BaO are populated by intramolecular energy transfer
from BaO(X,v) through collisions with argon. In addition, BaO(X,v) also appears to excite
electronic energy levels in atomic Ba when Barium atoms are mixed with BaO(X,v).2 5 Note
that BaO(X,v) is the primary product of the Ba + N20 reaction.

4 The salient point is that
this chemically produced vibrational energy appears to open pathways to electronic excita-
tion. We hope to pursue this approach to determine whether vibrationally assisted elec-
tronic energy transfer is a general phenomenon that can be utilized for SWCL applications.
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Figure 1. Chemiluminescence Intensity of IF(B4X) Following Excitation by 02(16):
* - vibrationally hot IF(X,v) produced by 12 + F, o - vibrationally cold
IF(X,v) produced by CF 3I + F. Note the large scale difference in the two
ordinates. Data obtained in 0.8 Torr Ar bath gas.
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MODELING OF NUCLEAR PUMPED LASERS ON HE-MIXTURES

WITH Cd,Zn,Hg,Mg,Sr,Ca AND Ba VAPORS

V.I. DERZHIEV, A.V. KARELIN, S.I. YAKOVLENKO

General Physics Institute, Academy of Sciences of the USSR
Vavilov Str. 38, Moscow, 117942, USSR

Abstract

Detailed nonstationary kinetic models The major advantages of the II group
of nuclear pumped high-pressure II group metal vapor lasers are as follows
metal vapors lasers have been constructed 1) relatively low thresholds of excita-
and analyzed. Theoretical results are in ion; 2) visible and UV region of radiation,
a good agreement with available experimen- which may be convenient for different appli-
tal data. cations. So it was necessary to develop de-

tailed kinetic models of the corresponding
Introduction high-pressure active media, which capable

of describing adequately a relatively weak
Progress in realization of plasma la- stationary nuclear reaction products pum-

sers (i.e. lasers, in which active medium ping, as well as powerful pulsed e-beam or
is a nonequilibrium recombination plasma) i-beam pumping. Development of such models
allows to hope for a wide use of charged is necessary both for optimization of
products of nuclear reactions for direct working lasers and for a search of new
conversion of nuclear energy into coherent perspective active media.
light radiation. A possibility of direct We have constructed and analyzed detai-
nuclear pumping is discussed in literature led nonstationary kinetic models of 11
for a long time (see reviews (1,2]). For high-pressure active media: He-Cd, He-Zn,
the present time lasing have been attained He-Hg, He-Mg, He-Be, He-Ca, He-Sr, Ne-Sr,
in more than 10 laser media in IR and visi- He-Xe-Sr and He-Ba, In which 14 most per-
ble region of spectrum on the transitions spective (from our point of view) transi-
of CO, Ar, NeI, KrI, XeI, CI, NI, CdI, tions were considered.
CdII, HgII, ZnII. The PLASER-l program package developed

Active media excitation was realized at the General Physics Institute was used
by the charged products of 5 He(n,p) 3 T, for the calculations of active media local
10B(n,o() 7 Li and 235U(n,f)f nuclear reac- kinetics. Radiaton was calculated to zero-

tions. dimensional approximation (i.e. volume
The maximal active medium efficiency averaged). There are special modules in

as high as 2 % and lowest lasing threshold PLASER-I package suitable for 2- and 3-
were attained for the laser on XeI transi- dimentional calculations of radiation.
tions. But it is necessary only for calculating

For the efficiency rise it is necessa- wide apperture systems. In the case of in-
ry to search active media radiating In the vestigating active media, zero-dimensional
visible and UV spectrum regions. For this approximation is quite sufficient and re-
purpose it was interesting to investigate quires appreciably less computer time.
rare gas mix 'res with metal vapors, in
which favourable conditions develop for Results
originating population inversion in non-
equilibrium recombination plasma. Moreover, In the plasma created by hard ionizer,
the usage of metal vapors sufficiently in- the calculations were carried out of non-
creases the number of possible laser tran- stationary relaxation kinetics of ions,
sitions suitable for lasing in nuclear pum- electrons and active media excited compo-
ping conditions. nents' concentrations, electron and ion

Lasers on II group metal vapors have temperatures, and time-dependent functions
been investigated for a long time. They of gain koefficient, output lasing power
were started with different types of dis- and energy. The number of equations in dif-
charges under low and middle pressures. ferent models was varied from 25 to 30.
The plasma laser principle was realized From 9 to 13 excited states were taken into
for the first time by Latush and Sem in account In kinetic schemes of active ions.
1973 on these mixtures (He-Sr laser) [3]. Thus, altogether from 100 to 160 plasmoche-
In 1978 the He-Cd nuclear pumped laser un- mical reactions were considered in models
der atmospheric pressure was produced, this (including excited states kinetics).
laser is presently the most shortwave nuc- Here we shall point out only the main
lear pumped laserf4J. Later on this laser processes responsible for the upper working
was started with e-beam pumping (5-7]. levels pumping.
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For the He-Cd ( A= 441.6 nm and ( A = 747.9 nm) lasers,and by deexcitation
325.0 nm) and He-Zn ( A = 747.9 nm) there of the upper working level in Penning reac-
will be the following reactions tion with its own atom in the case of He-Cd

( A = 533.7 and 537.8 nm) lasers. The cal-
He+ + Me = 2He + Me+ , i) culation results are in satisfactory agree-

ment with experimental data.
He* + Me = He + Me+* + e , (2) The fig.2a presents the dependences of

laser radiation output energy(A= 441.6 nm)
for the He-Cd ( A = 533.7 and 537.8 nm), upon buffer gas pressure (solid lines - ex-
He-Zn ( A = 758.8 nm), He-Hg ( A= 615.0 nm) periment, dashed lines - calculations). Up-
and He-Be : per and lower dashed lines differ from each

other by the spurious absorbtion coeffici-
He + + Me = He + Me+ ) , (3) ent k-= l.E-4 and 5.E-4 1/cm, respectively.

The presence of optimum is caused by the
Me' + e = Met + e , (4) broadening of the working transition line.

In the fig.2b are calculated dependen-

Me = Me+* + hv , (5) ces of output lasing power (solid lines)
and laser efficiency (dashed lines) for the

for the He-Mg, He-Ca, He-Sr and He-Ba He-Cd and He-Zn lasers depending on the
neutron flux. The presence of laser effi-

He+ + Me = 2He + M , (6) ciency optimum is caused by the electrone2 e t 2deexcitation of the upper working level.He+ + Me = He + Me t+ 2e , (7)

Conclution

Me+e +2e Me+. + e , (8)

The summary calculated results are
HeMe + e = Me + He , (9) presented at the table 1. There are opti-

mal active media parameters, energy depo-
for the He-Xe-Sr sition, maximal laser efficiency and thre-

Xe+ S+ shold characteristics of the II group me-
+ Sr = Xe + Sr (10) tal vapor nuclear pumped lasers. As it

follows from the calculation results, He-
Naturally, this separation of processes Cd laser with A= 441.6 nm is the most

is quite conventional, It emphasizes only suitable for the purposes of direct nuclear
some differences of the active media. pumping. It has one of the lowest genera-

The other most significant criterion of tion thresholds, highest laser efficiency,
separation is the mechanism of creation of relatively low working temperatures, quite
population inversion, i.e. the mechanism short wavelength and the possibility of
of the lower working level clearing, working at relatively high pressures, that

By the criterion the lasers under con- allows, on principle, to realize optimal
sideration are classified into two groups: energy deposition at the presently working
1. Lasers with radiational clearing of the or technically available reactors. An op-

lower working level (reaction (5)), timal diameter of lasing tube for this la-
such as: He-Cd,Zn,Hg,Mg and He-Be ( . = ser in case of pumping from uranium foils
467 nm); is about 3 cm. This circumstance plays an

2. Lasers with electron-collisional clea- important role for the design of reactor-
ring of the lower working level (reac- laser systems.
tion (4)), they are: He-Sr,Ca,Ba,Ne-Sr, The numerical analysis anabled to draw
He-Xe-Sr and He-Be ( A = 177.6 nn). the following conclusions :

Lasers with radiational clearing of the 1. In high-pressure He-Cd (f= 325.0 and
lower working level have the lowest pumping 441.6 nm) and He-Zn (A = 747.9 n) la-
thresholds, because there is no necessity sers optimum values of temperature and
for producing high quantity of plasma elec- pressure are due to competition between
trons. Consequently, among them one should the relaxation flux pumping the upper
search possible candidates for usage at level and deexcitation of this level
weak nuclear pumping. through the formation of a Me' -type

He-Cd and He-Zn lasers are best explo- molecular ion.
red both experimentally and theoretically. 2. In high-pressure lasers on the metal
So we shall consider them in more detail. ion single-electron transitions with

In the fig.l there are dependences of radiational clearing of the lower wor-
output lasing energy (fig.l.a, solid lines king state the presence of temperature
- experiment, dashed lines - calculations) optimum can be attributed to competition
for the He-Cd ( A = 441.6; 533.7 and of the pump fluxes to the upper working
537.8 nm) and He-Zn ( A = 747.9 nm) lasers level and its deexcitation due to Pen-
and relations of plasma parameter Ne ning reaction with its own atom.
and components of He-Cd plasma with res- 3. In high-pressure lasers on metal ions
pect to active medium temperature. The with electron-collisional clearing of
presence of optima is shown, which are the lower working level the presence of
caused by the formation of the Me+ - type optima depending on the active media
molecular Ion (see flg.l.b) in the case of temperature Is due to competition of a
He-Cd (A = 441.6 and 325.0 nm) and He-Zn rising relaxation flux to the upper le-
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vel and deterioration of the lower level elevation above an optimum value depen-
clearing owing to the drop of plasma ding on buffer gas pressure, the plasma
electron concentration. An important ro- electron concentration falls down due
le plays intensive deexcitation of high- to dissociative recombination of the
lying levels in Penning reactions with Me+ -type molecular ions. This deterio-
its own atoms. rates generation characteristics of the

4. In the active media of high-pressure me- lasers with electron-collisional clea-
tal vapor lasers with the temperature ring of the lower working level.
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Table 1. Optimal parameters of nuclear pumped metal vapor lasers.

mixture wavelength, T, deg C p,atm P, F, , gthresh.
nm kW/cm**3 n/cm**2-S % W/sm**3

441.6 360-390 3-5 2 5.e14 0.7 15

325.0 360-400 2-3 2 2.e16 0.2 300
He -Cd . . .- - - - ................ .-............ .

533.7
_5_-450-500 1-1.5 2.5 l.e15 0.13 7

537.8

He-Zn 747.9 450-490 3-5 2 l.e15 0.08 25

758.8 600 -2 1 l.e15 0.1 10

He-Hg 615.0 200-250 1-2 2 7.e15 0.02 100

448.1 700-720 2-3 1 l.el5 0.2 13
He-Mg

921.8 700 1-2 0.3 0.3-2.e15 0.03 10

He-Sr 430.5 650 3-4 2.5 4.e16 0.2 800

He-Ca 373.7 650 2-4 10 2.e16 0.11 400

He-Ba 490.1 850-900 2-4 5 5.e16 0.02 1000
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Gasdynamic Phenomena in Nuclear-Reactor-Pumped Lasers

J. R. Torczynski
Sandia National Laboratories
Albuquerque, NM 87185-5800

Abstract

In nuclear-reactor-pumped lasers, the fission-fragment heating is spatially nonuniform and as such induces gas motion. The
competing effects of heating nonuniformity and thermal conduction o a overall gas motion and laser optical behavior are examined,
and a parameter is developed which categorizes the induced gas flow into three regimes. The effect of fission-fragment heating on
perturbations in the gas density field is also examined, and a scaling relation describing the reduction of the rms density perturbation
is developed in terms of the pressure rise produced by the heating.

1. Introduction

Fragments from fission reactions induced by a pulse of neutrons from a nuclear reactor have been used to pump a variety of
gas lasers.' - " These "nuclear-reactor-pumped" lasers offer several advantages over more conventional pumping schemes. First,
the fission-fragment energy is used to excite atomic or molecular lasing states directly, rather than first being converted to heat,
electricity, and possibly light with the attendant efficiency losses.11 Second, the large power density associated with nuclear power
implies a compact power source."

Figure 1 shows a schematic diagram of one possible arrangement. The reactor serves as the source of fast neutrons, which
are moderated by polyethylene. The resulting slow neutrons are incident on thin layers of fissionable material (coating the inner
surfaces of the laser gas cell), which emit fission fragments into the adjacent gas. These fission fragments pump the lasing states
and heat the gas. One difficulty in this approach is evident from Figure 1. The fission fragments enter the gas from the side walls
in this arrangement and heat the gas in these regions more strongly than they heat the gas near the optical axis. This heating
nonuniformity induces an inward flow and establishes density gradients perpendicular to the optical axis. Since gradients of the gas
density are proportional to gradients of the refractive index, the laser gas acts as a temporally varying gradient-index lens. This
gasdynamic lensing can be of strength sufficient to induce transitions in lasr resonator stability (see Figure 2).12 - 14

In this paper, the effects of fission-fragment heating on the gas density field are examined. First, the overall gas motion
resulting from the spatial nonuniformity of fission-fragment heating is studied, and the resulting flows are characterized in terms
of the ratio of the duration of the heating to the thermal-conduction timescale. Second, the effect of fission-fragment heating on
small perturbations in the gas density field is analyzed. The density-dependence of fission-fragment heating is shown to result in
a damping of density perturbations. This damping is seen to be relatively broadband, and a scaling relation is developed for the
reduction of the rms density perturbation level.

2. The Model Problem

A diagram of a typical laser cell is shown in Figure 3. The geometry here is rectangular, rather than cylindrical as in Figure 1.
Since the fissionable material is located on the two side walls normal to the z-axis, the heating nonuniformity induces flow in the z-
direction. Although there are heating nonuniformities in the y- and z-directions that also induce gas motion, these nonuniformities
are usually minor compared to the nonuniformity in the z-direction and are neglected in this study.

The gas in the laser cell is taken to be a mixture of perfect gases with nonzero shear and bulk viscosities and thermal conductivity.
Its motion is governed by the conservation equations for mass, momentum, and energy, in which variations are permitted only in
time and in the z-direction (see the appendix). At the side walls, the gas velocity is assumed to vanish, and the gas temperature
is taken to be the wall temperature (presumed to be the initial gas temperature). Fission-fragment heating appears in the energy
equation as a large, transient, volumetric energy source term. This source term has the form Q = Qof[z; p] h(t), where Q0 is the
amplitude of the pumping, h(t) is the time variation of the neutron flux and hence the heating, and f ; p1 is the spatial variation
of the heating. Figure 4 indicates the general forms of the functions f and h. The precise shape of the function f depends on
the density field p since the gas molecules are essentially absorbers." - " If the density field is made to vary in the laser cell, this
variation in the distribution of absorbers produces a corresponding change in the function f: where the number of absorbers is
increased, f is increased, and where the number of absorbers is decreased, f is decreased. Thus, gas motion and fission-fragment
heating are coupled."

The combination of fission-fragment heating and thermal-conduction loss induces a flow that moves gas toward the "coldest"
spots and away from the "hottest" spots.1s Here, the term "coldest" indicates the regions where the sum of the fission-fragment
heating and thermal-conduction loss is smallest (most negative), and similarly the term "hottest" indicates the regions where
the sum of fission-fragment heating and thermal-conduction loss is largest (most positive). This points out an interesting aspect
of the induced flow. Fission-fragment heating is largest near the side walls and smallest at the center (see Figure 4); therefore,
fission-fragment heating acts to induce flow inward toward the center. Thermal-conduction effects are most negative near the cold
side walls and vanish near the center; therefore, thermal-conduction effects act to induce flow outward away from tie center. Thus,
the effects of heating nonuniformity and thermal conduction are oppositely directed, so the type of flow that results is determined
by whichever effect is stronger.19

3. Gas-Flow Regimes

There are four timescales involved in describing the induced gas motion: tA, the time required for an acoustic wave to travel
from the center to the side walls; tc, the time required for heat to be conducted from the center to the side walls; tD, the duration of
the heating (see Figure 4); and tQ, the time required for the fission-fragment heating to raise the pressure by an amount comparable
to the initial gas pressure. For conditions of interest, the acoustic timescale tA is much smaller than the other three timescales.
Because of this, the equations of motion can be acoustically filtered,' 2 ' and the timescale tA does not enter the resulting equations
(the acoustically filtered equations are contained in the appendix).
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Of the remaining three timescales, two dimensionless ratios may be formed. The ratio tD/tQ sets the scale, relative to the initial
gas pressure, for the pressure rise induced by fission-fragment heating. The ratio tD/tc determines the flow type and is given by
the relation

tD 16(-y - 1)k0T0tD (1)
tc POP

where -f is the specific heat ratio of the gas, k0 the initial thermal conductivity of the gas, To the initial gas temperature, po the initial
gas pressure, and L the distance between the side walls. As such, tDItc can be interpreted as a normalized thermal conductivity,
so the magnitude of tDItc determines the importance of thermal conduction over the duration of the pulse. Three distinct regimes
of flow behavior are possible depending on the magnitude of tv/tC. In the negligible-conduction regime (tDItC < 1), the flow
is dominated by the spatial variation of the fission-fragment heating. In the dominant-conduction regime (tD/tC 1), the flow
is dominated by thermal-conduction effects. In the mixed regime (tDltc 1), fission-fragment heating and thermal-conduction
effects are of comparable importance.

3.1 Negigible-Conduction Regime

The negligible-conduction regime corresponds to conditions for which tDltc < 1. An analytical solution exists in the limit
that this ratio becomes vanishingly small. 1 -  From this solution, it is seen that gas moves inward from the side walls toward the
center of the laser cell. This is as expected since the center is the "coldest" region in the absence of thermal-conduction effects.
This inward gas flow creates a central maximum in the density field, so the laser cell is optically focusing. The uniformity of the
fission-fragment heating is improved by this flow since gas molecules (absorbers) are transported out of regions of large heating
near the side walls into regions of small heating near the center. Another fact that emerges from the analytical solution is that the
added energy, not the applied heating power, determines the shape of the density profile. Consider two experiments identical in all
particulars except that in one case the heating is applied at half the power but for twice the duration of the other case. Since the
same amount of energy is added in both cases, the same density profile is produced in both cases.

As an example, consider helium, initially at 300 K and 200 kPa, confined between side walls separated by a 1-cm gap and coated
with 1-prm U0 2 layers. A constant power density of 3550 W/cm 3 is used to heat the gas for 0.1 ms. These conditions correspond
to a value of 0.0095 for tDWtc. Figure 5 shows results from a simulation of the acoustically filtered equations (not the limiting
analytical solution). The central density maximum is clearly seen and continues to grow with increasing energy addition. Note the
appearance of thin thermal boundary layers adjacent to the side walls. These result from the nonzero value of tD/tc; nevertheless,
the flow in the central region is relatively unaffected by thermal-conduction effects.

3.2 Dominant-Conduction Regime

The dominant-conduction regime corresponds to conditions for which tD/tC > 1. An analytical solution exists in the limit that
this ratio becomes infinitely large.19 From this solution, it is seen that gas moves outward from the center of the laser cell toward
the side walls. This is as expected since the side walls are the "coldest" regions when thermal-conduction effects are very large.
This outward gas flow creates a central minimum in the density field, so the laser cell is optically defocusing. The uniformity of
the fission-fragment heating is degraded by this flow since gas molecules (absorbers) are transported out of regions of small heating
near the center into regions of large heating near the side walls. Another fact that emerges from the analytical solution is that
the applied heating power, not the added energy, determines the shape of the density profile. If the applied heating power is held
constant, the density profile does not change even though energy is continually added.

As an example, consider helium, initially at 300 K and 200 kPa, confined between side walls separated by a 1-cm gap and coated
with 1-pUm U0 2 layers. A constant power density of 2.22 W/cm3 is used to heat the gas for 160 ms (these values differ by a factor
of 1600 from the values used in the previous example but maintain the same energy addition). These conditions correspond to a
value of 15 for tD/tc. Figure 6 shows results from a simulation of the acoustically filtered equations (not the limiting analytical
solution). The central density minimum is clearly seen and does not change much with increasing energy addition. The slight
changes in the density field with increasing energy addition is indicative of the finite value of tD/tC.

3.3 Mixed Regime

The mixed regime corresponds to conditions for which tD/ItC - 1. Unfortunately no analytical solution is known for this regime,
so insight must be gleaned from numerical solutions for many different sets of conditions. The following observations can be made.1'
At early times in the pulse and for gas near the center, the motion resembles the negligible-conduction regime. However, at later
times and for gas near the side walls, the motion resembles the dominant-conduction regime. Thus, the gas near the center moves
toward the center, and the gas near the side walls moves toward the side walls. This complex gas motion creates a central density
maximum and density minima propagating inward from the side walls toward the center, so both focusing and defocusing regions
are present. Both the added energy and the applied heating power affect the gas motion in the mixed regime, and the uniformity
of the fission-fragment heating is improved near the center but degraded near the walls.

As an example, consider helium, initially at 300 K and 200 kPa, confined between side walls separated by a 1-cm gap and
coated with 1-pm U0 2 layers. A constant power density of 89 W/cm 3 is used to heat the gas for 4.0 ma (these values are the
geometric means of the values used in the two previous examples and as such maintain the same energy addition). These conditions
correspond to a value of 0.38 for tD/tc. Figure 7 shows results from a simulation of the acoustically filtered equations. The central
density maximum and the density minima near the side walls are clearly seen. These minima travel noticeably inward during the
pulse. Note that the curvature of the central density maximum remains relatively constant as the overall density falls in the central
region. This phenomenon is often observed although it is not currently explained.

4. Density Perturbations

In the previous section, the effect of the combination of fission-fragment heating and thermal-conduction loss on the overall gas
motion was considered. In this section, the effect of fission-fragment heating on small density perturbations is examined. Since
density perturbations are hard to avoid and their presence generally exerts a detrimental effect on laser optical behavior, it is of
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interest to examine the interaction of fission-fragment heating with density perturbations, particularly regarding growth, damping,
or lengthscale change.

The basic effect of fission-fragment heating on density perturbations is illustrated in Figure 8. This figure shows an expanded
view of a small portion of the density profile which contains two density perturbations. The positive perturbation contains more
gas molecules (absorbers) and is heated more strongly than surrounding regions of gas. This excess heating creates a slightly
larger pressure in the perturbation than in neighboring regions, and this pressure difference acts to transport gas away from the
perturbation, reducing its height. Similarly, the negative perturbation contains less gas molecules (absorbers) and is heated less
strongly than surrounding regions of gas. This shortfall of heating creates a slightly lower pressure in the perturbation than
in neighboring regions, and this pressure difference acts to transport gas toward the perturbation, reducing its depth. Thus,
fission-fragment heating smooths out density perturbations.

As an example, consider argon, initially at 300 K and 68.9 kPa, confined between side walls separated by a 1-cm gap and coated
with 1-pm U0 2 layers. Figure 9 shows the evolution with increasing energy addition of two different initial density fields, one
with perturbations and one without. To illustrate the role of fission-fragment heating in damping density perturbations, thermal-
conduction effects have been suppressed, and artificially large density perturbations have been used for initial conditions (it is
shown below that the perturbation amplitude does not matter). The inward flow of gas toward the center is evident for both the
perturbed and unperturbed density fields. Moreover, the amplitude of the density perturbations is reduced with increasing energy
addition. This fact is highlighted by Figure 10, which displays the difference between the perturbed and the unperturbed density
fields for successive amounts of energy addition.

Careful scrutiny of Figure 10 reveals another aspect of the damping process. Both broad and narrow features exhibit the same
amount of damping (for example, compare the broad feature near 0.42 cm to the narrow features near 0.38 cm). Figure 11 shows
the evolution of two density profiles having perturbations with the same amplitudes but with wavelengths differing by a factor
of 10. Note that both perturbations are contained within the same envelope at successive values of energy addition. The damping
is thus seen to be broadband and relatively insensitive to wavelength.

The broadband nature of the damping process suggests that it can be characterized in terms of the rms density perturbation,

A,r p= (P_ PU)" d] , (2)riL 11/

where p is the perturbed density field and pu is the unperturbed density field. The reduction in perturbation amplitude is given
by Ap./Ap,,, where Ap/, 0 is the initial rms density perturbation. Simulations of different cases can be used to determine
the manner in which this reduction varies with increasing energy addition. Table 1 shows the conditions of four such cases, and
Figure 12 shows the reduction in terms of the quantity (#/p0)1 / 7. In this representation, the results all collapse onto one line with
a slope of -1, so the following scaling relation is determined:

Ap.__ ~ (~)(3)
If the perturbation amplitude is small compared with the initial gas density, the analytical solution for the negligible-conduction
regime can be used to derive this result.23 Note that this damping is algebraic in the pressure rise and thus requires large pressure
rises to produce significant damping.

Table 1. Conditions for cases shown in Figure 12.

Symbol PH. (kPa) p,, (kPa) T (K) Gap L (cm) U0 2 Thickness (pm)
A 0.0 68.9 300 1.0 1.0
V 0.0 68.9 300 1.5 1.0
o 68.9 68.9 300 1.0 1.0
0 68.9 68.9 300 1.5 1.0

5. Conclusions

The gas motion in nuclear-reactor-pumped lasers induced by fission-fragment heating has been examined. The spatial nonuni-
formity of fission-fragment heating induces a flow of gas toward the center of the laser cell, whereas thermal-conduction effects
induce flow toward the side walls. Since these effects are oppositely directed, the type of flow that results is determined by whichever
effect is stronger. The ratio of the heating duration to the thermal-conduction timescale, tW/tc, characterizes the importance of
thermal-conduction effects, and the flow can be categorized into three regimes depending on the value of this ratio. If to/tc is much
less than unity, then the flow is in the negligible-conduction regime, in which a central density maximum is produced and the added
energy determines the height of the maximum. If WD/tC is much greater than unity, then the flow is in the dominant-conduction
regime, in which a central density minumum is produced and the applied heating power determines the depth of the minimum. If
tD/tc is comparable to unity, then the flow is in the mixed regime, in which both a central density maximum and density minima
traveling inward from the side walls are produced and both the energy and the power influence the motion.

The density-dependence of fission-fragment heating is seen to result in damping of density perturbations. A scaling relation has
been developed describing the reduction of the rms density perturbation in terms of the pressure rise produced by fission-fragment
heating. This damping is broadband in the sense of being insensitive to the wavelength of the density perturbation. However, the
algebraic nature of the scaling relation indicates that large pressure rises are required to produce significant damping.
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Appendix

The equations describing the one-dimensional motion of a perfect gas can be acoustically filtered if the acoustic timescale is
much smaller than other relevant timescales so that the Mach number of the induced flow is small." -2" Let the gas have a density
field p, a pressure field p, a temperature field T, an energy field (per unit mass) e, a velocity field u, a specific heat ratio 7,
temperature-dependent 4 shear and bulk viscosities i and 1,, and temperature-dependent 4 thermal conductivity k. Confine the

as between two side walls separated by a distance L, and heat the gas with the power density field Q. The gas motion is described
y the perfect-gas equation of state and the conservation equations for mass, momentum, and energy:

p = RpT (-y - 1)pe, (Al)

Op 8 (2P -pu = 0, (A2)
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Acoustic filtering is accomplished in the following manner. The gas pressure p is partitioned into two terms: P, the average
pressure in the x-direction; and P = p - p, the deviation from the average. Since the acoustic timescale is very small, it is not
possible to build up large pressure gradients, so 0 is always very small compared to p. Inserting the expansionp - +33 into the
equations of motion, neglecting small terms, and performing averaging yields the following set of equations:"' 2

Op a
+6i O+ o, (A)

69 a+-pu + a 
)a-tpu + O. Ox = 3A- V/ 

+ 
J (A6)

dp =Of-11) +-- a (k OT)] (A7)

a. (kO\

= ' Ox -)J (A8

(.( -  ) o (.dz , ( =(. - .(A9)

Equations (A5) and (A6) are the conservation equations for mass and momentum, respectively. The pressure term in the
momentum equation incorporates P since p is a function of time alone by virtue of averaging. Note that P3 appears only in
Equation (A6), so this equation needs to be solved only for times at which knowledge of P is desired. Equation (A7) shows that
the mean pressure rise is determined by the total average heat addition (fission-fragment heating and thermal-conduction loss)
and as such is the ideal gas law in an unusual form. Equation (A8) determines the gas velocity in terms of the excess heating.
If the sum of the excess fission-fragment heating and the excess thermal-conduction loss is positive, then Ou/Oz is positive and
the flow is locally expansive: gas is transported away from points with heating that is larger than average. If the sum of the
excess fission-fragment heating and the excess thermal-conduction loss is negative, then On/az is negative and the flow is locally
compressive: gas is transported toward points with heating that is smaller than average.

70.0

'ISSION IFRAGONS 6.

FST )F.
NEUTNONS MOOSTIATSDC

q NEUTROW S

LASER 30. so -

REACTOR GAS REACTOR I
CORE CORE

2 16.0

0.0

SUBSTRAT1E -1.0 0.0 5.0 10.0 15.0 20.0 25.0 30.0
Time (ms)

Figure 1. Schematic diagram of a nuclear-reactor-pumped laser experiment. Figure 2. Lasing intensity (solid curve)
and pumping pulse (dotted curve). Res-
onator stability transitions induced by gas-

dynamic lensing result in the lasing termi-
nation and reinitiation seen at 12 ms and
13 ms, respectively (peak pumping is at
15 ms).
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Figure 3. Diagram of a rectangular nuclear- Figure 4. The spatial variation of fission-fragment heating is shown on the
reactor-pumped laser cell. left. It is largest near the side walls and smallest near the center. The temporal

variation of fission-fragment heating is shown on the right.
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Figure 5. Density profile for & case in the negligible-conduction Figure 8. Density profile for a case in the oinant- conduction
regime: solid curve, midway through the pulse; dashed curve, regime: solid curve, midway through the pulse; dashed curve,
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regime: solid curve, midway through the pulse; dashed curve, file (solid curve) with two density perturbations. These pertur-
end of the pulse. bations are smoothed (dashed curve) by fission-fragment heat-

ing. Arrows indicate the induced flow.
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Figure 9. Density profiles at successive amounts of energy ad- Figure 10. The density perturbation profiles (the difference
dition: solid curves, perturbed density field; dashed curves, un- between the perturbed and the unperturbed profiles) are shown
perturbed density field. Profiles are symmetric ad thus are as a function of energy addition.
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NUCLEAR-DRIVEN SOLID-STATE LASERS

by Mark A. Prelas

Fusion Research Laboratory, Nuclear Engineering Program, University

of Missouri-Columbia, Columbia MO 65211

Abstract Nuclear-driven fluorescers (NDFs) utilize charged particles
from nuclear reactions, such as fission, to excite fluorescer

A total system efficiency of 3% is calculated for very high gases. While limited to charged particle power densities of
average power active mirror solid-state laser amplifiers of <10 kW/cm3, nuclear excitation can efficiently and uni-
co-doped material, such as Nd:Cr: GSGG, pumped by formly excite large volumes without additional power con-
visible nuclear-driven alkali metal excimer fluorescence. version hardware [4]. NDFs are inherently high average
The fluorescence is transported around a radiation shield, power quasi steady-state devices, but the deleterious
separating the fluorescer and the laser, by a large diameter- effects of nuclear radiation, as well as low peak
to-length ratio hollow lightpipe. Parameters for a system fluorescence intensities, have made NDFs impractical for
with peak power of 6 MW for 1 ms pulses at 1 Hz for an pumping solid-state lasers. We have developed a new
average power output of 6 kW are presented. This type of geometry for NDFs that solves the radiation problem by
system would require the development of a small 200 kW shielding the laser from radiation and using a lightpipe to
thermal nuclear reactor (similar in size to small University transport the fluorescence around the shield. This ge-
research reactors). A much larger system can be ometry also substantially concentrates the fluorescence
developed as well. which, combined with the lower saturation intensity require-

ments, brings the required pumping power density into the

Introduction range of NDFs.

The remotely-located nuclear-driven fluorescer concept is
This paper describes a method of remotely driving solid- illustrated in Figure 1. Key features are: 1) the use of a
state lasers with nuclear-generated fluorescence sources. visible nuclear-driven excimer fluorescer that will efficiently
In the first part of this paper, the method and scaling will be produce photons that can be absorbed by solid-state laser
described. The second part of this paper will discuss media and 2) a large diameter to length ratio hollow
experimental results of small scale experiments used to "lightpipe" that efficiently transports the fluorescence around
verify the remote pumping technique. the radiation shield to the laser medium. While similar in

The keys to achieving solid-state lasers with very high concept, this approach varies significantly in detail from one
average power output are the pumping geometry and the we proposed previously for pumping photodissociation
pumping source. To ensure beam quality, the pumping excimer gas lasers [5], in which the fluorescer and laserpumingsouce.To nsue bam ualtythepumingmedia were separated by only a thin window. That
geometry must be one that produces thermal gradients only metrwas dictated by the facts that the fluorescence
in the direction of propagation, i.e. a large diameter thin geometrythedirctin o prpagtio, ie. lage iamterthiwas VUV and could not be transported Iong distances (one
disk, insulated on the edge and uniformly illuminated and w o refaeco n t be aspored i sta s n e

cooled on the face. The then unavoidable axial gradient or two reflections), that the gas laser medium was not dam-
can be minimized by keeping the disk thin and using the aged by radiation, and that the larger saturation intensity of
STON effect [1]. The effects of the minimized axial gradient the gaseous medium required higher power densities.

are hemelvs mnimied y dubl pasingthrughtheEven though the laser medium was not subject to radiationare themselves minimized by double passing through the damage, optics -- even thin windows -- have proved to be

quite sensitive to radiation-induced absorption, particularly
Geometry has been a problem because large diameter in the UV. Radiation-induced absorption is much less of a
disks have been available only in Nd:glass, which has a problem for visible fluorescence. The desire to remove the
high saturation intensity, narrow absorption bands, and optics from the radiation field and to switch to the visible,
poor thermal conductivity. Nd:YAG has much better laser combined with the recent advances in solid-state laser
and thermal properties, but even narrower absorption materials, led us to solid-state lasers.
bands and can not be grown in large diameters. Pump
sources able to meet the demands of large saturation inten-
sity and narrow absorption bands have been inefficient, Visible Nuclear-Driven Fluorescers
expensive, and of limited area, making uniform illumination
difficult. The requirements for an NDF laser pump are 1) efficient
New Nd+3 ,Cr+3 co-doped solid-state laser materials that can conversion of fission fragment energy to light, 2)
be grown in large diameters [2], and which boast both wavelength of the fluorescence within the laser medium's
relatively low saturation intensities and broad absorption absorption band and long enough to be efficiently reflected
spectra, which make them easier to pump, and which have by the walls of the fluorescence cell and lightpipe, and 3)
the high thermal conductivity of crystals krelative to glasses), transparency to its own output. At the pressures of
such as GSGG [3], promise to change this by making hundreds of torr needed to stop fission fragments before
possible the use of pump sources that were not previously they hit the wall, resonance line radiators are highly self-
feasible. One of those pump sources may be nuclear- absorbed so that, for the long path lengths in the fluorescer
driven fluorescers. inherent with NDFs, excimer fluorescers are preferred. With
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excimers the ground state of the molecule is unstable so Dimers exist at significant densities in electrically excited
that the molecule dissociates almost immediately after alkali-metals, but only in the bound singlet ground state.
radiation and only a small amount of the radiation gets However they are formed in both singlet and triplet excited
reabsorbed. Yet, because they radiate to the ground state states. At the high power densities of lamp and most other
from the first excited level or higher, and because there is electrically pumped systems, the triplet states are rapidly
usually only one radiation channel, their fluorescence converted to singlet states by collisions with electrons. The
efficiency is high, as high as 50% for rare-gas excimers. singlet radiation is then absorbed by the high density of
Most excimers, however, tend to be efficient fluorescers ground states. While the excimer radiation from sodium
only at short wavelengths because the initial excited state is lamps, either at low or high pressure, is normally quite
formed in rare-gas buffers w"ich have large W* values. sma!l, the -3xcitation conditions typical of lamps - high
Thus only a few of the well known rare-gas, rare-gas halide, power and electron density - are the opposite of those
and metal halide excimers fall within the visible, mostly in required for producing excimer radiation. The excimer
the metal halides, and the efficiencies tend to be in the 10- bands were first clearly observed in potassium by Rebbeck
15% range. and Vaughn [9], in an unusual discharge with very low

power and electron density, similar to that produced by
nuclear excitation. The strongest radiation under these
conditions was the excimer band.

Nuclear- Laser

Dri yen

Fluorescer W guide Coupling

Shield Figure 2 traces a visible fluorescence photon from its
emission in the NDF to its absorption in the solid-state laser
medium. In the fluorescence cell, fission fragments from
reflectively coated fissioning source material, with
dimensions of a few im,, present as an aerosol [4,51 or

Figure 1. Nuclear-pumping using a remotely located loaded in a "glass wool" [10], excite an alkali-metal excimer
nuclear-driven fluorescer. Isolation of the laser from radi- fluorescer to emit visible photons which reflect off the
ation enables the use of a solid-state laser medium source material and the cell walls and are transmitted

through the fluorescer/fuel mixture and the cell window to
the hollow lightpipe. Tapering the walls of the fluorescer
cell reduces the angular spread of the fluorescence,

Since the photon energies of low saturation intensity solid- improving both extraction efficiency and transmission by the
state lasers are 1-2 eV, to achieve a reasonable laser lightpipe, which, due to this and its high diameter-to-length
system efficiency, the energy cost or W value of the ratio, transmits >90% of the fluorescence to an active mirror
fluorescence photon precursor must be minimized. This laser amplifier, similar to one developed at the U. of
means the use of an atom with low excited state energies Rochester [11]. Since the fluorescence profile in the
and first ionization energy but, to avoid wasteful higher lightpipe is uniform, so is the absorbed power in the active
ionizations, a high second ionization energy. The materials mirror, minimizing radial temperature gradients. Both pump
that best fulfill these criteria are the alkali-metals. Table 1 and laser are double passed, minimizing the effects of the
lists first and second ionization potentials, I1 and 12, unavoidable axial temperature gradients.
estimated W* value, excimer radiation wavelength, Xex [6],
and the temperature required to provide a vapor pressure of FluorescenceCell POlishedAg Laser
100 torr, T, 00 [7], for each of the alkali-metals. Since pub- .- ,,/ ...... , , Bean
lished W* values, W*=W/(l +Nex/Ni), for alkali-metals do not
exist, they are estimated as 1.2 times I1, in analogy to the -Ru1 ' ' emission
W/1 1 values we calculate from published [8] W and N,,/N, Lensvalues for rare and molecular gases. Additionally, the D- /Wndow-l Light Pipe I Lens

line radiation efficiency of low pressure sodium lamps is /veMiwor-vau sf rr r n oe ua a e . dtonly the - Poli d owBe or g h KDPir tabout 34% of the power deposited in the vapor, which Polished Be orAg K.P Crystal
translates to an effective energy absorbed per photon emit- - s\\
ted of 1.2-11 in agreement with the W* estimates. 2 emission

TARt F 1. Alkali Metal Properties Figure 2. Coupling of visible nuclear-driven fluorescence to
an active mirror solid-state laser amplifier.

AlkalI KOX I1 12 W*Ost vt'yq To0 A number of loss mechanisms make the coupling of the
Mete lWest fluorescence to the laser less than perfect. They include

(am) (eV) (eV) =1.2 I1 (C) 1) absorption of the fluorescence within the fluorescence

Li 459 5.36 75.3 6.4 0.42 1097 cell by either the fluorescer or by the fuel, with which is
mixed; 2) absorption by the reflecting surfaces of the flu-Na 437 5.12 47.1 6.1 0.46 701 orescence cell due to an absorbing film, which may be

K 575 4.32 31.7 5.2 0.42 586 present, and to less than perfect reflectivity; 3) absorption
in the output window due to radiation-induced absorption orRb 605 4.16 27.4 5.0 0.41 514 the deposition of a film of fuel or fluorescer; 4) absorption

Cs 713 3.87 23.4 4.6 0.37 509 due to the less than perfect reflectivity of the lightpipe walls,
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especially at angles neat the principle angle for the n- The laser performance is based on the alexandrite peakS polarized component of the fluorescence; 5) gaps in the Telsrpromnei ae nteaeadiepa
lightpipe waveguide or the fluorescence cell wall to allow absorption coefficient of 3 cm-1 at 600 nm. An alexandrite
for cooling; and 6) imperfect absorption in the laser crystal with a 0.77 cm thickness will absorb 99% of the input
me i. aintensity. The power density in the 0.77 cm thick crystal wil
medium. be 3735 W cm- 3 which is well above the predicted threshold

Reabsorption in the fluorescer is minimized by using an value show in Table 3. The fluorescence intensity at the

excimer. By design the reactor core fuel loadings do not
exceed a few mg/cm 3 so that absorption by the fuel is small
[41. Film formation on cell walls is minimi.gd by maintaining
them at elevated temperatures. In the visible, radiation- Light Pipe

induced absorption in the thin output window is drastically Gas Flow Out
reduced by thermal annealing [12], at the high temperatures GasFlo Out
characteristic of both alkali-metal vapors and NDFs, and by
photobleaching [12-13].

Although the total internal reflection of solid lightpipes is Fluorescer Cells Shield Active
attractive, they have problems with radiation-induced (Reactor Core) Mirrors
absorption, acceptance angle, and excessive mass. Hollow
lightpipes minimize radiation-induced absorption, can be
quite light and their acceptance angle is essentially ±900.
However, they do not reflect perfectly and, at large angles Gas Flow In
with respect to the direction of propagation, a large number
of reflections is required even for propagating short
distances. Thus the number of reflections must be kept to a Light Pipe
minimum by using a large diameter to length ratio. This
ratio is maximized by combining the fluorescence, from as
many cells as are required to produce a critical reactor, to
feed only one large diameter lightpipe at each end of the Figure 3. Layout of Remote Nuclear-Driven Fluorescer

core as shown in Figure 3. At the active mirror end, the Pumped Solid-State Laser showing locations of the fluo-
lightpipe would split to match the transverse dimensions of rescence cells (which together comprise the reactor core),

the active mirrors. The reflecting material will probably be radiation shield, lightpipes, and active mirrors.
silver because it has the highest reflectivity with the least
angle dependence at the wavelengths of interest. We surface of the alexandrite active mirror is 3 kW/cm 2. With a
calculate a transmission of 0.9, at 550 nm, for a 5-m long spectral matching efficiency of 50%, an active mirror
silver coated hollow lightpipe with a diameter of 1.2-m and thickness of 0.5 cm, a Cr doping such that the absorbed
two 900 bends, such as is shown in Figure 3. power fraction is 80%, and assuming a fluorescence

lifetime of 260 lis [3], the average upper state density is
Due to the large angular spread of the fluorescence, the 2.6x1018cm-3 and the stored energy is 0.5 J/cm 3. Using an
laser disk must be located very close to the end of the effective Oe for alexandrite of 0.2x10-19 cm 2 [2], the small
waveguide to minimize losses. This probably precludes the signal gain is 0.13cm- 1 and, assuming an extraction
use of brewster angle arrangements and pumping from efficiency of 80%, the extracted laser power is 6 MW. The
both both faces, but is compatible with an active mirror total system efficiency, nuclear power to light power, is 3%.
configuration as is shown in Figs. 2 and 3. A small cooling If higher fluorescence or spectral matching efficiencies had
gap for cooling between the end of the lightpipe and the been assumed, the total system efficiency would be even
disk will not increase losses greatly because most of the flu- higher, as shown in Table 2.
orescence at angles near 900 is highly attenuated by the
large number of reflections. Conclusion of Simplified Feasibility Study

We have presented a promising new concept, the remote
Performance Estimate nuclear-driven fluorescer, for pumping very high average

remote power solid-state lasers. We have presented an exampleWe have estimated the performance of a large-scale ystem ihpa oe f6Maeaepwro W

NDF pumped solid-state laser such as shown in Figure 3., system with peak power of 6 MW, average power of 6 kW,

with a core made up of 24 fluorescence cells with a length and total system efficiency of 3% Wete naipresented a
of .2m ad n nsie iamte o 0.0 fo atoal ctvepromising new concept, the remote nuclear-driven

of 1.2 m and an inside diameter of 0.20 m for a total active fluorescer, for pumping very high average power solid-state
core volume of 1 i

3. The cells have a Be wall, coated with lasers. We have presented an a tuneable, frequency tripled
silver and 1/4 X of diamond or sapphire, and sapphire alexandrite laser as an example system. Nuclear-driven
output windows. The reactor produces 1 ms pulses at alkali metal excimers are used as the pump photon source.
1 Hz. Peak power is 510 MW and average power is The pump photon source is excited by 1 ms nuclear reactor
510 kw. The peak charled particle power density in the pulses, at a 1 Hz frequency. (Through the use of mode
fluorescer is 100 W/cm . The efficiency of each of the locking techniques this I ms output can be modified to
conversion steps is listed in Table 2. For a fluorescence produce five 10-20 ns pulses in a 1 ms burst.) Tuneable
efficiency of 40% (Table 1), the peak fluorescence power is laser output at co, emission between 700 to 818 nm, o2
40 MW. emission between 350 to 409 nm, and W3 emission

between 233 to 273 nm with a peak power of 6 MW at a 1
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Hz frequency, an average power of 6,000 W, and a total approximately a factor of 100), has a O emission between
system efficiency of 3% is predicted by our initial modeling. 720 to 920 nm, and is a much easier crystal to grow then

alexandrite. It may be possible to use multiple fluorescence
Laser Pumped by Remotely Located cells to produce enough pump intensity from visible excimer

Nucear-Driven Fuorescer. photon sources to drive a Ti:A120 3 laser.

Type of Efficiency Efficiency Of the materials listed in Table 3, emerald is the most
difficult to grow. However, emerald has the lowest power

Nuclear-Pumping Efficiency 0.6 density threshold next to Nd:Cr:GSGG and alexandrite.

Alkali Fluorescenca Efficiency 0.2 to 0.4
- 12.

Cell Extraction Efficiency 0.7 Nd 3 . Abserion
Kr Spectra

Lightpipe Transmission Efficiency 0.96 a , 10 Nd.0 lass /

Spectral Matching Efficiency 0.5 to 0.9 , Nd:YAO

Active Mirror Absorption Efficiency 0.8 . /

pump/).laser (605 nm /1.05 g~m) 0.6

Laser Extraction Efficiency 0.9 4

Frequency Tripling Efficiency 0.5 to 0.7 "

Mode Locking Efficiency 0.9
0

Total Efficiency 0.0078 to 81
_ _ _ _ _ 0.04 790 S 110 $20

Wavelength (nm)

Other Potential Laser Media Figure 4. Nd:YAG and Nd: Glass Absorption Bands.

Even though an alexandrite system was presented other Fluorescence Spectra from nuclear-driven Kr is
potential laser media may be used as well. In addition to superimposed.
alexandrite (Cr:BeAI 2 0 4 ), co-doped GSGG
(Nd:Cr:GdScGa-Garnet), chromium-doped GSGG
(Cr:GdScGa-Garnet), emerald (Cr:Be 3Al 2 Si 6O 18), and
titanium:sapphire (Ti:A120 3 ) are candidate materials [5]. 0.7 . .

0.6 Ur+ Cr3
Table 3. Pro wrties of laser media. _Emis0,5n t

Threshold 0.51
Medium (0i ase Vul k Power Size'

(pm) (1019 cm
2 ) (11s) W Density* (cm) 0.4

(_-K) (Wcm-3) 0,3

Nd Cr GSGG 0e 13 a 300K 222 6 115 9 6x19x05 0.2 '

C GSGG 0751o10 0.1 at 300K 120 6 1149 9 6x19x05 0.1

Alexandre 07 to 0.82 02 at 450K 260 23 636 r.l. 1.10 * L'

TI Ai2 3  072to092 41 at 300K 3.2 7? 3024 r-3.1-15 300 400 500 600 700 800 900 1000

Emeald 073 to 081 0.2 at 300K 200 7? 827 Wavelength (nm)
*Estimated threshold power density, and * size
presently achievable with modern growing Figure 5. Absorption bands for the Nd,Cr:GSGG crystal.
techniques.

Experimental Results
Nd:Cr:GdScGa-Garnet has excellent properties in that the
product of the stimulated emission cross section and upper The remotely driven solid-state laser concept study was
laser level lifetime is greater than that of alexandrite (by initiated by through the development of a ray tracing
approximately a factor of 2) thereby being easier to pump, computer code called "Concentrator" [14]. This code was
but has a non-tuneable co, emission of 1060 nm. designed to examine the propagation of photons in a
Additionally, Nd:Cr:GdScGa-Garnet is a much easier crystal cylindrical cavity with reflective walls, windows, and various
to grow than alexandrite. This material has a high fill media. Using the code "Concentrator', an small scale
probability of working in the proposed concept (see Table experiment was designed to demonstrate the nuclear
3). As shown in Figures 4 and 5, Cr co-doped crystals have remotely-driven solid-state laser concept.
broader absorption bands than do Nd doped crystals.

Since the cost oi building an alkali excimer fluorescence
Conversely, Ti:A120 3 has a much lower stimulated emission cell was beyond the budget of this experiment, a much less
cross section and upper laser level lifetime product (by expensive rare gas fluorescence cell was designed. The
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cell used the 3 He(nthermal,p)T reaction to produce the Calibration Set Up
energetic ions to excite the rare gas. In addition, a 1 cm 2

fiberoptic bundle was used for the waveguide, rather than a
hollow waveguide, due to expense. The individual fibers at
the output were coupled to a Nd:YAG laser rod.

The crucial elements to the experiment were to 1) generate Spectrograph Detector PAR 1460
nuclear-driven fluorescence, 2) absolutely calibrate the OMA
optical system in a high radiation environment, 3)
absolutely calibrate the nuclear-driven fluorescence source,NeuralDenstyfil er

4) demonstrate absorption of the nuclear-driven Flberbundle holder w/ND=3fllter
fluorescence by the Nd:YAG laser rod, and 5) demonstrate mounting IQ
the concept of remotely pumping a solid-state laser media. bracket
All of these goals were experimentally achieved.

The experimental set is shown in Figure 6. Here, the
reaction cell is placed next to the reactor and a fiberoptic
waveguide (using 225 gm fused silica fibers with a plastic
clad) is used to transport nuclear-generated fluorescence to NBS traceable
the Nd:YAG laser rod. The optical system and the nuclear calibrated lamp
fluorescence source were calibrated with the set up shown 5-m fused silica fiber bund\le
in Figure 7. This calibration set up utilized a NBS traceable
calibrated tungsten-halogen lamp for the light source. The 05 01
fiberoptic bundle was placed in the reactor and the optical meters
system detectors were absolutely calibrated.

IRIGA

Constant CurrentI
Fber Bundle Power Supply

Fluorescence Figure 7. Set up of the optical calibration technique.
SYAG Laser Results

System Using the calibration set up shown in Figure 7, the optical
systeGasFIII System transmission of the fiber optics was measured. Shown in

Figure 8 are the results from the optical system calibration.
Schematic Drawing of Two curves are shown, one with a TRIGA reactor power of

Nulear lmJO esece Pumiped Nd:YAG Laser Experiment 50 kW and the other for a TRIGA reactor power of 1500 MW.
As can be seen, the change in the optical transmission is
not linear with power. This indicates that the color center

- -:.-formation and damage site production is not linear with
~-E power.

e.9

S t& Fluorescence Cell fr 0.0 II "
or. -, Nuclear Fluorescence Pumped

NdYAG Laser Experiment 4 7

Mr=" 0.4 1. Bd

F e.e
IC,..

Figure 6. Set up of the Nd:YAG experiment using the ,0 450 509 596 9;* 9;0 7;0 7;9 4 9;, 960 as
Univernity of Illinois's TRIGA reactor and the Ill-elength (m)
reaction cell. Figure 8. Calibration of the optical fiber bundle at different

reactor power levels (the fibers are 225 glm
plastic clad fused silica).
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The reaction cell was then placed into the TRIGA reactor with a peak power level of 1500 MW demonstrated that the
and filled with a combination of 3 He and other rare gases 1.06 Lim emission from the Nd:YAG rod was 0.12 mW.
(e.g., Xe, Kr, Ar, Ne) in various pressure ratios. An
absolutely calibrated spectra was obtained for the Fiberoptic Cable
fluorescence. For example a calibrated Kr spectra is shown 3 3 mm Nd:YAG Rod
in Figure 9. As seen in Figure 4, the Kr spectra has a line
which somewhat matches an absorption band in Nd:YAG.
It is interesting to note that there are differences between
electrical discharge-pumped Kr spectra and nuclear-
pumped Kr spectra (See Table 4).

35 7

- 6 cm . . Detector
S36

\51.06 jim filter

-4 Figure 10. Experimental set up to measure 1.06 jam
radiation from a Nd:YAG rod pumped remotely with

20 tnuclear-driven fluorescence.

Conclusions From Experimental Study
The results from the 1.06 gm emission experiment

.demonstrates that the code "Concentrator" is able to predict
400 450 500 5;6 0 656 700 0 750 o5o - 9 ,the behavior of a remotely driven Nd:YAG rod under some

u"ergth o(3 ) conditions. As part of the ongoing effort in the study of
solid-state lasers remotely pumped by nuclear-driven

Figure 9. Nuclear-pumped Kr fluorescence at a power fluorescence sources, the predictions' of the code
density of 0.9 mW cm- 3  "Concentrator" will be tested over a broad range of

conditions. In the future, using alkali metal excimerTable 4. Corn 3rison of Relative Nuclear-Driven and sources, a demonstration laser experiment will be cardedElectrically Excited Une Intensities for Visible Kr Lines. out.

X(nm) A 108s) t
elec Inuc

768.52 0.49 1000 1440

826.32 0.35 3000 6032 Overall Conclusions

828.10 0.19 1500 2333 Preliminary design studies of solid-state lasers remotely
785.48 0.23 800 2304 pumped by nuclear-driven excimer fluorescence sources
850.89 0.24 3000 3590 have indicated that it is possible to build very efficient (-
805.95 0.19 1500 5866 3%) large scale laser systems. It is possible to use this
758.74 0.51 1000 2899 method to drive solid-state lasers with a single frequency

819.01 0.11 3000 1881 emission (ol=1.06 lam, a frequency doubled emission
760.15 0.31 .2000 2899 (02=530 nm, and a frequency tripled emission of o)3-353.33
829.81 0.32 5000 4372 nm.
769.45 0.056 1200 1440
877.67 0.27 6000 8160 By using vibronic laser technology, large scale tuneable
810.40 0.13 4000 4980 solid-state laser systems are possible with emission
811.29 0.36 6000 13170 w1=720 to 920 nm, a frequency doubled emission 0)2-360811.29.0.36.60.0.13.70 to 460 nm, and a frequency tripled emission of (o3-240 to892.87 0.37 2000 10704 306.67 nm.

With the data from Figures 4, 8, and 9, the performance of In addition, technology for efficient (296%), light weight
the remotely pumped Nd:YAG rod can be estimated with the waveguides was developed using the computer code
code "Concentrator". Calculations were made for an "Concentrator". This technology uses thin wall, hollow core
experiment to measure spontaneous emission from a waveguide. The inner wall is coated with a reflective
Nd:YAG rod remotely driven by a nuclear-pumped Kr metallic coating (e.g., silver for visible wavelengths), and a
fluorescence source (as shown in Figure 10). This protective layer of dielectric material such as diamond or
experiment uses the set up shown in Figure 6. The sapphire.
theoretical prediction for pulsed TRIGA reactor with a peak Through the use of the solid-state laser remotely pumpedpower level of 1500 MW, indicated that the intensity of the Truhteueo h oi-tt ae eoeypme
1.06 im line would be 0.1 M W. Experimental results for a by nuclear-driven fluorescence sources and the light weightKr nuclear-driven lamp pumped by a pulsed TRIGA reactor waveguide technologies, it is possible to develop lightweight, high average power, and high efficiency lasers.
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Many types of solid-state laser materals can be driven by
this method including the vibronic materials. Therefore, it
would be feasible to add tunability to the potential features
of lasers using the concepts developed by the author.

Small scale experiments were performed to demonstrate
the remote pumping concept and to test the predictions of
the code "Concentrator" over some conditions. Results from
these experiment were successful.
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NUCLEAR-INDUCED UV FLUORESCENCE FOR
STIMULATION OF THE ATOMIC IODINE LASER

W.H. Williams, G.H. Miley, H.J. Chung
Univ. of Illinois

Fusion Studies Laboratory
100 Nuclear Engineering Lab

103 S. Goodwin Ave.
Urbana, IL 61801

A study is in progress to investigate the nuclear-induced fluorescence of the eximer
XeBrSor aplifation in the atomic iodine laser. Measurements of fluorescence induced by
the B(n, He) Li reaction in varying gas mixtures with Br 2 and CHBr3 as bromine donors are
presented. A conceptual design of the photolytic laser planned to utilize this fluorescence
is also discussed.

Introduction

The potential of using nuclear reaction energy to drive a laser has been studied for
many years in a variety of laser systems. Ref. 1 gives some of the highlights of this
research. Studies have shown that Nuclear Pumped Lasers (NPL's) have the potential of
being scaled to very high powers 2

'
3

'
4
, due to the ability to pump large laser volumes (good

penetration of neutrons through materials) and potential for high efficiencies (no Carnot
cycle limitations). As a result, NPL's also have a significant advantage in high power
space-based applications where the nuclear fuel represents a much smaller, lighter energy
storage system than is required for large electrically pumped lasers.

One specific type of NPL utilizes nuclear reactions to cause fluorescence in a gas
mixture. The fluorescence is then coupled into a separate laser cell, acting as the light
source for photolytic lasing. The component of this system which uses nuclear reaction
energy to initiate fluorescence of a gas mixture is termed a Nuclear Driven Flashlamp
(NDF).

The three principle reactions considered for NDF testing, as well as most NPL work, are:

n + 10 B -- > 4 He + 7 Li + 2.3 MeV;
S+ 3 -- > T + p + 0.8 MeV; and

n + 299U--> ff+ 200 MeV.

The cross section for the last reaction is ggller than the other two, but when its much
larger energy release is factored in, the U reaction is able to provide the largest
power density per unit neutron flux. Because of special use restrictions with enriched
uranium, and contamination problems of the gas by fission i ragments, the first two
reactions are used, or planned for use in Tie present work. 1B is used as a thin wall
coating on the inside of the test cell, and He as a fluorescent gas diluent.

This experimental effort is supported by a kinetics study done by Wilson5 showing that
nuclear excitation of the eximer XeBr should provide an excellent UV light source for the
atomic iodine photodissociation laser. The atomic iodine laser involves photodissociation
of an iodine containing gas molecule, e.g. C3 F7 I or CF 3I, giving I* lasing at 1.31 micron,
and has been used as a high power laser system.

This work attempts to substitute the traditional electrically-driven UV source wit In
NOF. Use of an eximer in a UV NDF has been suggested by Miley and Prelas, et al1 ,"

Eximers, in general, are a good choice for UV fluorescence generation because of the high
conversion efficiencies with which eximer mixtures convert deposited energy to ultra-violet
light (up to 60%). The eximer XeBr* is chosen for this application because it emits at 282
nm, which is near the peak of the absorption cross-sections for two common atomic iodine
lasants, C3 F71 and CF 3 I.

In these experiments the eximer is used as an NOF gas to power a photolytic laser. An
attempt to stimulate lasing of the eximer itself is discouraged for two reasons: 1) Test
facilities fbr this work cannot induce the high power densities needed for a UV laser; and
2) The reactor radiation environment causes transient and permanent transmission losses in
optical meaerials. This induced loss is higher at shorter wavelengths. Previous work by
our group has shown the radiation-induced loss in fused silica in the UV to be
sufficiently small that a single light pass is not significantly attenuated through a
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window. The multiple passes through laser cavity end windows, however, would represent a
large loss for the system, and would need a very high gain medium to mitigate. The losses
are much smaller in the IR, so lasing at 1.31 micron should be easier.

Figure 1 shows a schematic of the planned laser cell. The cell utilizes two concentric
tubes the inner containing the lasant gas, and the outer containing the fluorescing eximer
with He. The diameter of the outer cell is approximately 5 cm, and the length 1 meter.
The cell is placed in a thermal neutron field from a reactor. UV light generated by the
XeBr is coupled into the lasant in the inner cell. To maximize this coupling efficiency
the inner wall of the outer cell is to have a high reflectivity coating to all w UV photons
to be reflected into the inner cell. This design 1 ecess Ates the use of He, which is
transparent to UV photons, as the reactant, since B or U are useable only as poorly
reflective wall coatings.

The Univ. of Illinois TRIGA reactor produces a peak thermal flux of x 10 n/cm -sec.
in a 12 msec. pulse. Extrapolation ol the Kinetic analysis of Wilson' predicts a XeBr
fluorescence yield of 5 Watt/cm using He in the TRIGA. After coupling of this radiation
to the atomic iodine lasant in a high Q cavity a laser power of 1 to 10 Watts is
anticipated.

Testing to date has been to determine XeBr* fluorescence efficiencies of varying mix
ratios of fluorescing gas constituents, using two different bromine donors under nuclear
excitation.

Experimental Set-Up

All test;ng for this work is being done
in the Univ. of Illinois TRIGA reactor. Table 1. TRIGA Pulsing Characteristics
The TRIGA is a light water reactor capable
of running in steady state or pulsed mode. - 12 msec fwhm
Pulsed operation used for this work - 3 x 1015n/cm -sec peak thermal flux
provides a transient thermal neutron flux - 4 pulses/hour
1000 times that of steady state operation.
The characteristics of a pulse are shown in
Table 1.

Figure 2 shows a schematic of the reactor test set-up. This shows the special
suitability of this facility for doing NDF testing, in that a six inch diameter
"throughport' runs through the reactor shielding, adjacent to the core. Test cells can be
placed in this port, and emitted light directed into detection equipment with the use of
mirrors. The core is large enough that a test cell 1 meter in length can receive a
reasonably uniform irradiation.

Figure 3 shows the test cell constructed for the present phase of fluorescence tes
It consists of a 1 inch diameter aluminum tube, coated on the ipj'erior with a thin "8B
coating. The cell ends are closed with fused silica windows. A B coated cell was psed
for this phase because it allows flexibility to test a large number of gas mixes. He,
which has a significant cost, will be used in later testing with a new test cell after an
optimum gas mixture has been selected.

Since it is desirable to change gas fills remotely (i.e., with the cell in the
throughport) due to neutron-induced activation of the cell structural materials, a series
of pneumatic valves and vacuum/gas fill lines are attached to the cell. In addition, in
order to measure the energy deposited in the cell gas for fluorescence efficiency
calculations, a piezoresistive pressure transducer (Kulite IPT1100-250A) was attached to
the cell, a technique used by other investigators9. This technique yields the average
thermal energy deposited in the gas as this energy heats the gas and raises the pressure in
the closed cell volume. This transducer proved to be sufficiently resistant to radiation
to allow a large number of shots before replacement.

Two types of fluorescence analysis are conducted on each test: a time-integrated
spectrum of the light is obtained with an Optical Multi-channel Analyzer (OMA), and a time-
dependant trace of one spectral line is obtained with a monochromator and photomultiplier
tube. The OMA is used for fluorescence efficiency determinations. The test set-up was
designed and aligned to allow absolute determination of the light generated in the cell.
Tne time-dependent photomultiplier measurement is used to look for dose rate or total dose
dependence in the fluorescence during the pulse.

A typical trace of the pressure rise during a pulse is shown in Figure 4. The peak
pressure occurs near the end of the pulse, with pressure decreasing quickly thereafter as
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the heated gas (approx. 300 deg. C.) cools agains the cell wall. This pressure peak
corresponds to an energy deposition of 0.13 J/cm , which correlates well with other

expe tal and theoretical determinations of dose for this cell geometry and neutron

Figure 5 shows a typical fluorescence spectrum as recorded by the OMA, for 1 torr Br 2 ,
250 torr Xe, and 550 torr Ar. The coarseness of the spectrum is due to low sensitivity of
the detector, but the XeBr* peak at 282 nm can be plainly seen, as well as the broad Xe 2 Br*
peak at 425 nm.

The 282 nm fluorescence production efficiency (light produced/energy deposited in the
gas) with varying gas mixes is shown in Figure 6. This was for a fixed Br 2 pressure of 1
torr, and a total pressure of 800 torr. It is seen that a maximum in the fluorescence
occurs near 100 torr Xe. Two or three consecutive pulses were also performed on each fill,
these indicated by the letters A, B, and C; and two separate fills done at 250 torr Xe. It
is seen that the fluorescence intensity appears to decrease with continued pulsing. The
cause for this has not been fully determined. It is speculated that impurities adsorbed on
the cell wall may be driven off during a pulse to contaminate subsequent pulses. An
alternate possibility is depletion of the bromine concentration. Bromine radicals formed
during the pulse may react with boron on the wall to form stable BBr 3 . Future testing with
3He fill and no wall coating should distinguish between these two possible causes for the
decrease in intensity.

Figure 7 shows results with two different bromine donors, Br 2 and CHBr 3. It is observed
that CHBr3 is the better fluorescer of the two, and peaks at a lower concentration than
does Br? These dependencies on gas composition agree wel I with that found in e-beam
pumping . The peak efficiency (4-5%) is somewhat less than the 13-15% predicted in ref.
5, and the 11% jneasured in e-beam pumping by ref. 13. This discrepancy is likely due to a
difficulty in performing absolute calibration of the light detection set-up, as well as
gaseous impurities from the vacuum/gas handling system. The long vacuum and fill lines
required for remote evacuation and filling of the cell have made attainment of a clean
system difficult. These causes are being investigated for future testing through changes
in system design and impurity doping of the gases.

It was found that the fluorescence output measured on the monochromator was generally
synchronous with the temporal shape of the reactor pulse, indicating minimal dose rate or
dose effects for the gas mixes tested.

The suitability of this fluorescence to the atomic iodine laser is shown in Figure 8
where it is seen that the major XeBr* line corresponds very well with the peak of the
photodissociation cross-sections of two of the common lasants.

Conclusions

The fluorescence f tpie eximer XeBr under nuclear reaction-induced excitation is being
studied. The B(n, He) Li reaction has been used to date. Parametric testing has been
done to give optimum mix ratios of Br 2 /Xe/Ar and CHBr3 /Xe/Ar systems, and has shown CHBr3
to be a better bromine donor Future testing will be done with at least one additional
bromine donor, and then with He as the reactant. Following this, a laser will be tested
utilizing this fluorescence to pump the photolytic atomic iodine laser.
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BEAM PROPAGATION IN DIRECT NUCLEAR PUMPED LASER AMPLIFIERS
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P.O. Box 1625
Idaho Falls, Idaho 83415-3515

Abstract

Thermal distortions in transverse flow, direct nuclear pumped laser amplifiers and the resulting effect on beam
propagation is investigated. Nuclear pumping occurs from surfaces, either from plates parallel to the tiow direction,
from screens or porous material perpendicular to the flow direction, or from the combination of the two. The
analysis presented is topically divided into the analysis of the energy deposition of the energetic charged particles
in the amplifying media and the analysis of the beam propagation in the amplifier and to the far field. The
spatially varying energy deposition produces large index of refraction variations in the nuclear pumped amplifier.
These variations are modeled by a Zernike polynomial expansion and their effect on the propagation of a uniform
intensity plane wave is discussed. For purposes of illustration, an amplifier with a 1 m gain length and 1 atm (101
kPa) argon gas flowing at 100 m/s is presented. With approximately 150 W/cm3 average charged particle pumping
in the amplifier the beam qualities range from 7 to 27 times diffraction limited when the primary (tilt and focus)
aberrations in the amplifier are corrected.

Introduction

Over the past few years nuclear pumped lasers have been investigated primarily to determine their feasibility' and the gain
or efficiency of various lasents.2 In this paper the quality of the resulting laser beam is discussed, specifically, the effect that
nuclear pumping has on a beam propagating through an amplifier. Direct nuclear pumping geometries are described, i.e. the
energetic charged particles produced in a nuclear reaction deposit their energy directly into the lasent gas. Passive cavities are
studied, therefore the effect of gain variations on the beam are not considered.

The analysis of nuclear pumped lasers is complicated by geometry restrictions dictated by reactor configurations, charged
particle transport and energy deposition of the nuclear pump source, and most importantly for steady state operation, lasent
gas flow. A flowing gas system enables large energy depositions to be achieved in reactor pumped lasers without the excessive
temperature increases present in static concepts. The geometry examined in this work is shown in Figure 1. The optical cavity
is essentially a section of a rectangular duct which transports the lasent into and out of the reactor. The pump energy source
can be a variety of thin (- few microns) films coated on plates, screens, or other structural materials. This fuel coating serves
to absorb neutrons generated by the reactor and produce energetic charged particles. The coating must be sufficiently thin to
allow a significant fraction of the charged particles to escape into the lasent gas. Some typical fuel coatings are boron, which
produces energetic alpha and lithium particles by the '°B(n,a)7 Li reaction, and fissile materials, such as 23 5 U, 23 3 U, 2 3 9

Pu,

and 241Am, which generate very energetic fission fragments when fissioned by neutrons.
The phenomena to be addressed deal primarily with the internal cavity aberrations which result from non-uniform energy

deposition. The charge particle energy is inherently non-uniform because the range of the particles is typically on the order of
the cavity cross-sectional dimension in order to best utilize the pump source. This is true even with a uniform neutron flux,
which produces a uniform charged particle source exiting the thin films (for uniform film thickness). For uniform neutron flux
conditions and the geometry shown in Figure 1 the energy deposition is very two dimensional (2-d) in the plane perpendicular
to the optical axis (x-y). In order to determine this complicated energy deposition profile and resulting index of refraction
profiles a 2-d, time-dependent coupled fluid dynamics and charged particle transport computer code has been developed. The
resulting index of refraction aberrations generated by these calculations are then fit with a series of Zernike polynomials. The
effects of the internal cavity aberrations on an optical beam can then be investigated with a standard Fourier propagation
code.' This procedure and the results from several pump source geometries will be discussed in the remainder of the paper.

Energy Deposition Analysis

The analysis of the charged particle generation, transport, and energy deposition coupled with the fluid dynamics yields
a description of the index of refraction variations in the optical cavity. These index of refraction aberrations can severely
deteriorate the beam quality of the amplifier output. The following sections discuss the modeling of this coupled transport
and fluid dynamics problem and the resulting aberrations for several amplifier pump geometries.
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Figure 1. Direct nuclear pumped amplifier geometry.

Modeling

The modeling of the pump energy deposition in the optical cavity includes many phenomena which are interdependent.
These include: generation of charged particles resulting from a neutron flux; the transport of the charged particles in the thin
fuel film and into the gas; the energy loss of the charged particles along their path in the gas; the perturbations of the local
gas density as a result of the energy deposition and subsequent heating; and the coupling of the fluid flow in the channel with
this non-uniform energy source term. A general discussion of these phenomena and how they are interrelated follows rather
than a detailed description of the various differencing schemes and coding algorithms used.

The model geometry is 2-d in the plane perpendicular to the optical axis (the x-y plane in Figure 1). Gas flow is from
bottom to top in the figure, i.e. in the direction of increasing y. Input fluid conditions (temperature, pressure, and flow velocity)
are specified along the x dimension at the inlet, y = 0. The fuel can be coated on the walls (plates) parallel to the flow direction
or on screens or other porous material perpendicular to the flow direction. The thickness and location of the fuel coating must
be specified along with the neutron absorption cross section and mass and energy of the charged particles generated by the
neutron absorption. Multiple charged particle species are permitted to correctly model the transport of product species with
different mass and energy. For fuel coatings in the flow path (i.e. screens at fixed y positions) the open flow area fraction and
geometric shadowing factors must also be specified.

The temporal behavior of the neutron flux is an input to the calculation and the flux is assumed uniform in space. This
imposed neutron flux along with the cross section for charged particle generation determines the charged particle source
throughout the fuel films during the calculation. The various charged particle species are then transported through the fuel
films and lasent gas with a method based on characteristics. The particles obey a standard range-energy relationship

E= E0  - 5)T (1)

where S is the path length, E is the particles energy, Eo is the particles initial energy, R is the particles range in the media
given by

R=1 0 ()E (2)

and R0 is the range at E 0. The exponent r varies depending on the type of charged particle. For heavy particles typical of
those generated during fissioning events the exponent is r = 2. For the light particles generated in the '°B(n,a)Li reaction
the exponent is r = 1.25. When the charged particles are transported in the lasent gas the current local gas conditions are
used to determine the range, coupling the transport and fluid dynamics calculations. As the gas heats and becomes less dense
the range will increase. This decreases the source term to the energy equation in the regions where the gas has been heated,
i.e. adjacent to the fuel filins.
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The fluid dynamics model is a finite difference representation and permits multiple component gases. Ideal gas behavior
is assumed which is quite reasonable in the temperature and pressure ranges and low ionization fractions typical for reactor
pumped lasers. The model allows both compressible laminar or turbulent fluid flow and viscosity effects are included. Thermal
conduction in the gas is included as well as energy transfer between the heated surfaces (fuel films) and the gas. The fluid
boundary conditions also can be time varying. In equation form the fluid model is:

OP

i+ v = 0 (3)

D6r
p = -VP-V. (4)
DT

P C , D T = V - tV T - ' - 6- Y : V 6+ Ep (5)

where p is the mass density, t is the time, i7 is the velocity, P is the pressure, ? is the viscosity, C , is the specific heat at
constant volume, tc is the thermal conductivity, T is the temperature, EP is the charged particle energy source term, and D/Dt
is the total derivative. The charged particle energy source term is given simply by

S = -V. , (6)

where Fp is the charged particle cnergy flux. Equations (3-5) are the standard continuity, momentum and energy equations,
respectively.

Solving the coupled set of fluid and transport equations in the 2-d geometry generates a description of the large scale density
perturbations in the optical cavity. These density variations and the index of refraction variations which result are discussed
in the following section.

Results

The results presented are for a steady state laser amplifier. The gas conditions at the inlet are 1 atm (101 kPa) of Argon
with a uniform inlet flow velocity of 100 m/s. Argon was chosen as an illustrative example because of its wide use as a buffer
gas. Htlium is also a typical buffer gas and has a much smaller index of refraction. Therefore with similar energy deposition
gradients the deleterious effects on the optical beam will be substantially larger with argon. The channel width is chosen as
2.5 cm. The charged particles mass and energy are arbitrarily chosen to yield ranges approximately the channel width at the
gas inlet conditions.

Several pump configurations were studied. They include fuel material coated on plates parallel to the flow direction, fuel
material on screens in the flow path, and a combination of fuel material on plates and screens as shown in Figure 2. In all
cases the inlet fluid boundary conditions were imposed a few centimeters upstream of the fueled surfaces. The screens have a
projected area fraction of 0.37, a total hemispherical surface area of 1.57 times the projected area and a geometric shadowing
factor of 0.85. Thus with equivalent thicknesses of fuel coating the net charged particle escape flux is 0.37 x 1.57 x 0.85 -.50%
that of the plate fuel. The charged particle source is a function of the product of the absorption cross section in the film and
the neutron flux. This product was chosen arbitrarily to yield similar energy depositions (_,100 W/cm 3) in the center of each
channel studied. This enables the differences in beam quality between the different amplifier to be investigated under similar
pumping conditions (and presumably similar amplifier gains).

Gas Gas Gas
flow Fuel flow flowmalaial /lFuelSmaterial I material

/I F lFuel material

! onscreen l~o icee mseI _ ©_.
,, 120.67 cm

2. 4.0cm 2.5cm 2.5cm + 1 1.0cm

i4

-. - 0.875cm

Ff I uelL2.0 cm Fue maerian ' II
of mat at 2.0cm-- I2.ocm

ISc 8.0 cm 2.5 cm-.

Fuel Material on Plates Fuel Material on Screens Fuel Material on Plates
and Screens

Figure 2. Fuel configurations used in the nuclear pumped amplifier analysis.
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The charged particle energy deposition for the three pump geometries discussed is shown in Figure 3. The energy deposition
for all cases is -100 W/cm3 in the center of the channel and the peak deposition adjacent to the fueled surfaces is on the
order of 400 W/cm3 . Note that only the central 4.0 cm of the screen amplifier case is shown. The screen pumped amplifier
has essentially one dimensional gradients in all but the outer few centimeters next to the channel walls. A summary of the
energy deposition and temperature rise in the three channels can be found in Table I. In the screen fueled cases only the surface
facing the amplifier aperture is coated with fuel. The screen fueled amplifiers produce a larger bulk temperature rise in the gas
because all the energy generated in producing the charged particles is deposited in the gas, not just the energy of the escaping
particles. In steady state the energy of the particles which do not escape the screens results in sensible heat being transferred
directly to the gas. For the plates the heat is conducted to the surrounding walls which can be cooled from outside the optical
cavity. The temperature rise is of interest because of material considerations and because of possible effects on the kinetics of
various laser systems.

The index of refraction, n, resulting from the pump conditions for the three amplifier geometries is shown in Figure 4
(The refractive index variations are presented as (n - 1)). The largest refractive index variations occur with the plate fueled
amplifier. For this amplifier the difference between the maximum and minimum refractive index values in the central region of
the cavity are about 2-3 times as large as the variations of the other two amplifier geometries. The index of refraction variations
are summarized in Table I. Note the large drop in the index of refraction that occurs when the gas flows past a screen location,
corresponding to a large temperature rise and density reduction. The effect of these index of refraction variations on an optical
beam is discussed in the following sections.

Plate Fueled Screen Fueled SPlate
Plate Fueled Screen FueledFeled

Screen Fueled

fw flow ffow

Figure 4. Resulting index of refraction variations in the nuclear pumped amplifiers.
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Table I. Comparison of different pump geometries for direct nuclear pumped amplifiers.

Fuel Form

Plates Screens Plates
Screens

Deposition in Center 100 100 100
of Channel (W/cm3 )

Average Deposition over 2.5 cm 160 161 156
Circular Aperture (W/cm3 )

Average Deposition over 2.0 cm 148 148 141
Square Aperture (W/cm3)

Index of Refraction Variation over 2.5 cm 87 36 35
Circular Aperture ((n - 1) x 10')a

Index of Refraction Variation over 2.0 cm 67 20 24
Square Aperture ((n - 1) x 101)a

Bulk Temperature Rise (K) 76 192 145

aDifference between the maximum and minimum index of refraction values

Beam Propagation Analysis

The quality of the optical beam produced by direct nuclear pumped lasers is a question of practical importance in the
development of the technology. Because physical access to nuclear reactors is generally difficult, implementation of elaborate
beam clean up schemes may be difficult. With this in mind the following sections will discuss the resulting beam quality for
the amplifier geometries presented in Figure 2. Corrections which can be accomplished with simple deformable mirrors, i.e. tilt
and focus, will be considered.

Modeling

A uniform intensity plane wave is launched into a 1 m long single pass amplifier, which has apertures at both ends. The
wavelength, A, used in the beam propagation is 1 u. Two apertures are investigated: a 2.5 cm diameter circular aperture which
is the largest circular aperture possible for the channels considered; and a 2.0 cm square aperture which avoids the most severe
refractive index gradients adjacent to the cavity surfaces.

The index of refraction gradients are modeled as a series of Zernike polynomials. Zernike polynomials are convenient
because the lower order terms in the expansion have physical interpretations. The Zernike terms included in the analysis are
listed in Table II. The plate fueled amplifier presented in the previous sections has the largest index of refraction gradients and
the dominant aberration is a focus across the channel in the x direction. It is therefore useful to directly combine the Zernike
defocus, U20 , and third order 0* astigmatism, U22 , terms to represent x and y focus. This representation of the focus is:

A1 = C 2 0 U 2 0 + C 2 2 U 2 2

= (C 2 0. + C 2 0y)U 2 0 + (C 2 2 . + C 2 2 y)U 2 2

= [C20.U20 + C 2 2 .U 2 2 ] + [C 20 yU 2 0 + C 2 2 yU 2 2 ] (7)

where
1 1C  1eC20 = 1C20 + C 22  C22. = C20 + -C22

'-2 2 4 2 (8)
C20y = 1C20 -!C 22  C22y = -C 20 + 1C2

2 4 2
are the modified coefficients for the Zernike terms. The first quantity in brackets in Eq. (7) is the x focus and the second in
the y focus.

The effects of the aberrations in the cavity are determined by propagating the plane wave through the amplifier and to the
far field with the GLAD 3 (Generalized Laser Analysis and Design) Fourier propagation code. The information derived from
this analysis includes the intensity, I, and phase, 4, of the beam at the exit aperture (near field) and in the far field from which
a measure of the beam quality can be obtained.
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Table II. Zernike polynomials used in modeling the index of refraction variations in the amplifiers.

Aberration Zernike Comment
Type Polynomial

x Tilt p cos 0 zero by symmetry
y Tilt psin0

Defocus 2p 2 - 1

Third Order 0* astigmatism p2 cos 28
Third Order 45' astigmatism p2 sin 20 zero by symmetry

Third Order x Coma (3p 3 - 2p) cos 0 zero by symmetry
Third Order y Coma (3p 3 - 2p) sin0
Third Order x Clover p3 cos 30 zero by symmetry
Third Order y Clover p 3 sin 30

Third Order Spherical 6p4 - 6p 2 + 1

Results

In order to evaluate the effects of the index of refraction aberrations a plane wave was propagated through an amplifier
with no aberrations as a base case. The intensity profiles at the exit aperture (near field) near and in far field for the 2.0
cm square aperture amplifier are shown in Figure 5 (note there is a scale change between the near and far field plots). The
central lobe half width in the far field is LA/D, where L is the distance propagated into the far field, and D is the width of the
aperture. For the unaberrated case the energy inside the central lobe is -84% of the exit aperture energy. A measure of the
quality of the aberrated beam is the size of the spot which contains the equivalent energy as the central lobe of a diffraction
limited beam. The spot size is commonly normalized to the diffraction spot size, LA/D for a square aperture, and referred to
as the number of times diffraction limited (TDL). For circular apertures the central lobe size is 1.22. LAID, where D is the
diameter of the beam. The central lobe of the circular beam contains a slightly larger fraction of the exit aperture energy than
the square beam (-,86%).

Two different sets of aberrated beam results will be presented for each amplifier pump geometry. The average tilt of the
wave front can be simply compensated for, therefore all results have this component of the aberrations eliminated. The different
cases presented are then: 1) all second and third order aberrations included; and 2) only third order aberrations included in
the beam propagation. The second order aberrations, which are the focusing terms, can be corrected by deformable mirrors
without great difficulty. The results for the plate, screen, and plate and screen fueled amplifiers are shown in Figures 6-8,
respectively. The much larger aberrations introduced in the plate fueled amplifier than in the screen fueled amplifier results in
a significantly more divergent beam in the far field. The required tilt correction for the plate fueled amplifier was also larger
than the screen fueled cases, -18 waves versus -12 waves aperture center to edge.

Near Field Intensity t/ //Far Field Intensity

Figure 5. Intensity of an un-aberrated beam at the exit aperture (near field) and in the far field for the 2.0 cm square aperture
amplifier, arbitrary scaling.
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Near Field Intensity

,.flow

Near Field Phase

flow

Far Field Intensity

With Focus Terms Without Focus Terms

Figure 6. Beam propagation results for the plate fueled amplifier, arbitrary scaling.

(Individual plots have different scales and therefore present qualitative features, not quantitative differences. The plots on the
left have the Zernike focus terms included, those on the right have the focus terms removed. Not all of the calculation points
are included in the plots.)
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Near Field Intensity

fow flow

Near Field Phase

Far Field Intens;ty

With Focus Terms Without Focus Terms

Figure 7. Beam propagation results for the screen fueled amplifier, arbitrary scaling.

(Individual plots have different scales and therefore present qualitative features, not quantitative differences. The plots on the
left have the Zernike focus terms included, those on the right have the focus terms removed. Not all of the calculation points
are included in the plots.)
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Near Field Intensity

flow flow

Near Field Phase

flow flow

Far Field Intensity

With Focus Terms Without Focus Terms

Figure 8. Beam propagation results for the plate and screen fueled amplifier, arbitrary scaling.

(Individual plots have different scales and therefore present qualitative features, not quantitative differences. The plots on the
left have the Zernike focus terms includ-d, those on the right have the focus terms removed. Not all of the calculation points
are included in the plots.)
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The removal of the focus aberrations from the plate fueled amplifier has a significant effect on the resulting beam quality.
The TDL of the beam improved from 100 to 23 for the square al)erture ami)lifier by removing thi focus terms. Removing the
focus in tile plate fueled amplifier also increased the utilized mode vomlne as is apparent from Figure 6. The near field intensity
plot (at the amplifier exit aperture) with tile Zernike focus terms included is has narrowed significantly in the direction of the
strong x focus. In contrast, the screen fueled amplifier's beam quality improved little with the removal of the focus aberrations
because they arc much smaller than the third order aberrations. The plate and screen fueled amplifier's beam quality improved
modestly with the removal of the focus terms which are of comparable magnitude to the third order aberrations in that
amplifier. Notice that even with the focus aberrations removed in the plate fueled amplifier the beam quality is still poorer
than for the other two geometries. The beam propagation results for the square aperture amplifiers are summarized in Table
III.

, he results for the circular aperture amplifiers follow the same tendencies as the square aperture cases. In all cases the
beam quality is poorer for the circular aperture than the square aperture. The 2.5 cm circular aperture includes the large index
of refraction gradients adjacent to the fueled surfaces where the 2.0 cm square aperture avoids the worst aberrations. The
square aperture does have less cross-sectional area than the circular aperture thus if the energy extraction is uniform acroFs
the amplifier a smaller output energy would result. The details of the energy extracted would require specific knowledge of the
gain characteristics of the amplifier which is beyond the scope of this paper. The beam propagation results for the circular
aperture amplifiers are summarized in Table IV.

Table Ill. Summary of tie bean propagation results for the amplifiers with 2.0 cm square apertures.

TDL' Residual Waves Dominant Aberration

Distortion
b

Plate Amplifier
With Focus 100 25 x Focus
No Focus 23 6 y Clover

Screen Amplifier

With Focus 7 1 y Coma and . Clover
No Focus 7 1 y Coma and y Clover

Plate & Screen Amplifier

With Focus 9 2 x Focus y Coma
No Focus 8 2 y Coma

aTimes Diffraction Limited spot size, see text.
bNMaxinium phase variation from aperture center to edge.

Table IV. Summary of the beam propagation results for the amplifiers with 2.5 cm circular apertures.

TDL' Residual Waves Dominant Aberration

Distortion
b

Plate Amplifier

With Focus 160 30 x Focus
No Focus 27 7 y Clover

Screen Amplifier
With Focus 18 4 y Coma and y Clover
No Focus 18 4 y Coma and y Clover

Plate & Screen Amplifier
With Focus 18 4 x Focus y Coma
No Focus 17 3 y Coma

a Times Diffraction Limited spot size, see text.
bMaximum phase variation from aperture center to edge.
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Summary and Conclusions

The effects of direct nuclear pumping in optical amplifiers on beam quality are analyzed. The amplifiers considered are

rectangular with transverse flowing gaseous laser media and surface pumping from the walls and from screens in the flow path.

A gain length of 1 in and gas pressure of 1 atm are used for illustration. The analysis includes a multi-dimensional coupled

charged particle transport and fluid dynamics calculation to determine the aberrations resulting from index of refraction
variations. The aberrations are fit with Zernike polynomials and used with a Fourier propagation calculation of the beam

propagation. The beam quality is derived from the far field spot sizes of the various amplifier configurations.

The results of the analysis show that the amplifiers without second or third order aberration removal have beam qualities
between 7 and 160 TDL with average pump power depositions of -150 W/cm3 . The best beam quality results from pumping

with screens in the flow path, the worst is from amplifiers pumped by plates parallel to the flow direction. The disadvantage
of screen pumping is an increased energy load to the gas compared with plate pumping. Additionally, only large scale density

perturbations are considered here. Small scale turbulence related density fluctuations may be more important in the screen
pumped geometry than in the plate pumped geometry, making the resulting beam less desirable. The plate fueled amplifier

beam quality is improved substantially (to 23 TDL with the 2.0 cm square aperture) by correcting for the strong x focus, but
still has poorer beam quality than the other pump geometries analyzed.

A comparison of two different apertures shows an improvement in the beam quality can be obtained by a smaller aperture
to avoid the strong index of refraction gradients adjacent to the fueled surfaces. The price paid is a reduction in gain volume

of the amplifier. In order to determine the optimal aperture size and shape a detailed study is necessary with the specific

information on gain variations in the amplifier included.
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LASERS IN IRRADIATION FIELD OF A STATIONARY NUCLEAR REACTOR

G.A. Batyrbekov

Institute of Nuclear Physics, Academy of Sciences of KazSSR
480082 Alma-Ata, USSR

Nowdays two conceptions of the nuclear reactors usages for lasers excitation are deve-
loped. The first one is the more wide spread according to which excitatio@ f lasers is
carried out by the direct nuclear pumping in the impulse nuclear reactors" , ,3 . The second
conception suggested and investigated by us is excitation of lasers by the ngn-self main-
tained discharge in a radiation field of the stationary nuclear reactors4,h5 , or by the
low-threshold direct nuclear pumping. The stationary nuclear reactors allow to create
uniformly ionized large volumes of lasers at high pressure generating continuous wave or
high frequency wave rays. This is important for some practical applications. Moreover,
non-self maintained discharge usage in the stationary nuclear reactor allows to create
many visible and UV-regions lasers, for example excimer XeF* laser7 . This is impossible in
case of the direct nuclear pumping in any impulse nuclear reactor. Practical significance
of those lasers increaseg when electrical energy required for its pumping is generated by
the same reactor itself . In this case the possibility to create autonomy nuclear ener-
getic plant generating electrical energy and laser rays' energy.

I would like to report on researches carried out in the stationary nuclear reactor
(power 10 Mwatts) at the Institute of Nuclear Physics, Academy of Sciences of the Kazakh
SSR.

We have fulfilled complex reselrches og plasma of different gas mixtures, created by
products of the nuclear reaction )He(n,p) H in the stationary nuclear reactor core to
create lasers or source of nuclear pumped optical irradiations. With this purpose diffe-
rent diagnostic methods for investigation of charge plasma densities and spectra of
plasma irradiation in the reactor have been used.

8,9COO:+12 + 3He and CO + N2 + 
3He were first gas mixtures whose plasma was investigated9 0 As a result the pogsibility of creation of C02 - and CO lasers was shown. Then

these lasers were created 4,,o,12.
(Slide 1). On the first slide experimental and calculation electron densities are

presented. Experimental data have been obtained by the probe method versus neutron flux
density for different gas density. Points and lines indicate experimental and calculation
results, respectively,1 or gaT mix ure with ratio CO : N : 3He = 1 6 7,2Electron
density is equal to 10 -10' cm-3, when neutron flux density increases 10 n/cm s. In
this case the space charge does not limit the discharge current.

The impulse and continuous wave generations of C02- and CO-lasers have been reached in
the stationary nuclear reactor core.

(Slide 2). Parameters of CO-impulse laser are presented on this slide. The maximum
reached values of the specific output energy and efficiency are 0qual t (18 ± 5) j/1.ama-
gat and (12 t 4)%, respectively, for temperature -'150K, Z Z10" n/cm s.

Continuous wave generation of CO-laser was got for gas mixture with ratio CO . N 2 : He=
1 : 6 : 7 with density 0.15 amagat, raj of gs pump flow 15 g/s, gas temperature 150K,
thermal neutron flux density CP, r  r 10 n/cm s. Irradiation power of CW CO-laser was
equal to (32 ± 10) watt, the efficiency -0.7%.

Then the possibility and condition of generation receipt excimer lasers excited by the
non-self maintained discharge in stationary nuclear reactor have been considered. Hence
plasma of gas mixture for excimer lasqrs 'He ± Xe + NF and He + Xe + 1C4 excited by

the products of the nuclear reaction He(n,p) H has beln investigated 14 -

(Slide 3). On this slide the kinetic processes in plasma of gas mixture 3He : Xe : NF3=
350 : 1.5 : I for one atmosphere are indicated. Moreover, velocities of processes and
components' densities are also shown here.

(Slide 4). On this slide experimental and calculation densities of the ions and
electrons versus the thermal neutron flux density are shown. As it is seen the calculation
data are in agreement with the experimental results. Ion density values are greater than
electron ones by a factor of 10 to 100. They have different dependence on neutron flux
density. The ion density growth is approximately proportional to the square root of
neutron flux density whereas the electron density is directly proportional to it. 10 -3

Due to the pu lished data the minimum ion and electron densities must be Ni - 10 cm
and Ne ~ 100 cm - , respectively, to provide the generation of XeF* excimer discharge
laser, controlled by an electron beam . According to these data we can conclude that XeF*
excimer discharge laser with the nuclear preionization wil be ge erated in the nuclear
reactor for the thermal neutron flux density increase 3, 1012 n/cm s.

To create the excimer laser operating in the stationary nuclear reactor core we
investigate the property change of capacitors and ptical materials (LiF, NaCl, sapphire
windows) depending on the reactor radiation dose 1. It was shown that sapphire does not
change transparent property for 1/V-rays until neutron fluent 1010 n/cm2. In the case of
infrared rays its stability is preserved for greater values of neutron flux density.
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(Slide 5). On this slide the experimental excimer laser arrangement is shown 7. There
are two pairs of electrodes and two resonators in the laser chamber. Electrode length is
50 cm; the distance between them is 9 mm; the width of discharge region is 6mm. UV laser
irradiation from the first resonator passes over the polished tube on the upper reactor
cover, where it is registered by PEM (photoelectric multiplier). Laser radiation from the
second resonator registered the calibrated thermoelement probe. Each laser resonator was
formed by an aluminium spherical mirror (radius 5 m) and a sapphire plate.

To get a short discharge impulse the electric power supply system including two capa-
city contours has been used. The accunulating capacitors bank (40 nanofarad) was placed
one metre from the reactor core. It was charged from the high voltage rectifier. The
voltage from the accumulating capacitors bank was transferred over controlled discharge
gap, waveguide, high-voltage hermetical electrical input to the capacitors which shorten
jmpulse (5 nanofarad) placed in a lqser chamber and then to the electrodes. Gas mixtures
He : Xe : NF3 = 350 : 1.5 : 1 and 4He : 3He : Xe : NF3 = 250 . 100 1.5 : 1 at pressures
1 and 3.5 atm., respectively, were ionized by the products of 3He(n,p)3H nuclear reaction.
On the given laser arrangement XeF* excimer laser generated UV radiation in the stationary
nuclear reactor core . The maximum specific discharge energy was equal to - 50 j/l. The
specific radiation ener was -10 -  j/l, the efficiency was - 0.02%. The minimum thresT
hold of the thermal neutron flux density for generation of the excimer laser was . O-2
n/cm 2s. It is in a good agreement with data, obtained from experimental plasma research.

In addition, radiation heat capqcilies, which short impulse, limited the maximum
neutron flux density byCP - 10?5 cm-4s- value. These capacities were broken at greater
values of the neutron flux density.

Moreover, this laser arrangement was not optimum. In future when we create more optimum
resonator, shorter impulses, more thermally stable capacities the output parameters of
excimer laser will increase.

The discharge xenon laser with nuclear preionization in the stationary nuclear reactor
core has been investigated on three arrangements 14. Arrangement Ni was similar to that on
which excimer laser investigation was carried out. Arrangements N2 and N3 had one capacity
contour only, shortening capacities and waveguide were absent. It allows to operate at
prolonged impulse-, at greater neutron flux density and higher tempqrature. On arrange-
ments Ni and N3 gas mixture was ionized by the products of 3He(n,p)'H nuc, r reaction.
Arrangement N2 had no helium. It was ionized by the fission fragments of U which
covered the electrodes' surface. The thickness of 235U layer was -io mg/cm - 2 .

Laser arrangement N3 allowed wide regulation of temperature. For this purpose the laser
chamber had a double casing, whose external side was cooled by reactor water. There was
helium with variable pressure between casings. It allowed to vary temperature of the
internal casing and gas mixture.

The experiments carried out indicate that the minimum neutron flux density provi ing
work of discharge xenon laser with nuclear preionizatig? is _qual to Tr . 104 - cm' s-1.
It corresponds to the electron concentration Ne - 2.10"- cm- .

(Slide 6). On this slide the output energy of radiation on the wavelength j 1.73 mkm
versus voltage of accumulating capacities for different neutron flux densities esuaj to
3.1013 cm-2s- 1 is shown. As it is seen generation saturation for 4 " 1014 cm- s- and
voltage v 20 kV is not reached. That indicated the possibility of the laser parameters'
improvement with the charge voltage growth. The maximi spe~if.c output energy and the
radiation efficiency for neutron flux density r. , 10"4 cm-s - and for charge voltage
-20 kV are equal to - 0.1 j/1 and 0.1tI0.2%, respectively. Thus, exclusion of helium from
the gas mixture and prolongation of discharge impulse allow to increase laser energy
parameters 50 times.

The possibility of lasers to work at high temperatures is important for its usage in
the nuclear reactor. For this purpose laser generation investigations from 500C to 6000 C
were carried out.

(Slide 7). On this slide the results for gas mixture 4He : 3He : Ar : Xe = 50 : 50 : 50:
1 at pressure 1.5 atm and at the charge voltage -20 kV are represented. Note that

temperature change in the interval from OC to 6000C does not affect the laser work. It is
explained by the fact that generation occurs on the transition of xenon atoms located in
the high-energy region.

Moreover, generation of discharge xenon laser wj~h ionization by 4-particles of radio-
isotope source Po210 is obtained and investigated 10. Electrodes and4 -particles sources
are positioned in a dielectric laser chamber. Transverse excitation with discharge of low
inductivity capacity (10-30 nF) through ionized gas is used in the laser. Twenty capaci-
tors 22004P uniformly distributed along electrodes were used for intensity discharge
current impulse. T volume of active region is equal to 50 x 1 x 0.3 cm. TwentyoC -par-
ticles sources PoP8' are arranged along discharge space. Radioactivity of one source was
1.5.10 Bk., diameter on radiation iayer was 7 mm. Ionization rate was 2 10 cm s-1 ,
electron concentration was 2,10' cm- for mixture He(1.5 atm) + Ar(0.5 atm). Laser resona-
tor includes a spherical mirror with silver coating and sapphire plate. The laser genera-
tion was obtained on the mixture He-Ar-Xe.

(Slide 8). On that slide optimization results of the mixture composition are shown.
Spectral measurements have not been made but it is shown that 40 per cents of laser energy
are radiated on the transition with wavelength 1.73 mkm. It was determined by means of
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filter kit. Mechanical strength does not allow to work at pressure more than 2 atm.
(Side 9). Nevertheless, the achieved value of specific laser radiation energy was

2.10 - j/1l that is demonstrated on this slide.
Investigation to pro e possibility to create quasi continuous operation laser on the

triplet 73s,-6 3p 2.6
3p1 6 6P 0 rX 546.1t, 435.8 and 404.7 4m) transitions of the mercury atoms

by nuclear pumping was carried out'. Mechanisms of 7-S level population by ionization
pumping and possibility of fast selective quenching low 6p-levels of mercury atoms was
investigated. For this purpose emission spectrum measurement for mixtures of mercury vapor
and rare gases with molecular gas additions was carried out. These mixtures were excited
by products of nuglear reaction 3He(n,p)3H in nuclear reactor and -particles of radio-
isotopes sources 210Po and 2 3 9Pu.

Gas mixtures were in soldered glass ampoules 30 x 60 mm2 with a radiation-resistant
cerium glass window in the reactor experiment. Ampoules were positioned in the central
channel of the WWR-K nuclear reactor active zone. The lower part of the experimental
channel (length - 700 mm) consisted of concentric tubes made from stainless steel. The gap
between them was equal to 2 mm. It was possible to change temperature in an ampoule
varying 4He pressure in a gap. Light emission passed through the stainless steel tube with
6 m length. It was registered by means of monochromator with a quartz prizm and photo-
multiplier tube working in the regime of photons account.

The set with &-particle excitation allowed to carry out measurement for low tempera-
ture and for wide variety of mixture and pressure in more wide spectral regionZ - 200-
830 nm. It is shown on Slide 10.

In paper by Miskevich et al. the pumping possibility of mercury 73S 1 state by a step
exciting over a resonance level has been indicated. Particle concentration can be rapidly
decreased on the resonance level by addin5 hydrogen (or deuterium) as the corresponding
quenching rate constant (-4.10-10 cm-s-1) is essentially high.

The dependence of radiation intensity of resonance (JA = 253.7 nm) and trippled (. =
435.8 nm) mercury lines on hydrogen pressure for mixture exciting He-Xe-Hg-H2 is shown on
Slide 11.

As it is seen the trippled line intensity does not depend practically on resonance
level population. Therefore, 73s, level population is not realized by a step exciting.
Luminescence intensity dependence of the triplet lin on hydrogen pressure all t9
evaluate rate constant of quenching by hydrogen of 7)S1 state: Knue T-10- 1cms

(evaluation for deuterium leads to the same value). Thus, hydrogn rapidly and selectively
quenches the low 6p levels; due to evaluations hydrogen concentrations on level 20-30 torr
are necessary for generation. Nitrogen addition into the mixture caused intensity inc ease
of mercury resonance line because of population of 63P levels for interaction of N2 (A SE  )
molecules with mercury atoms.

Slide 12 shows that intensity of lines does not practically depend on mercury vapor
pressure in region (10-3-0.3) torr at radioisotope and reactor sets, respectively. It
excludes possibility of the direct excitation of 73S level from the ground state by the
electron impact.

We suppose that the more probable channel of 73 S level population is a dissociative
recombination of Hg+ mercury molecular ions. The mo e essential processes in Xe + Hg
plasma are shown on2Slide 13. Igtensity of triplet line falls down quickly if mercury
vapor pressure is less than 10- torr. It is conditioned by decrease of the dissociative
recombination of the mercury molecular ions Hg+ because of competing process. In that case
luminescence decrease of the triplet lines at Hg pressure increasing up to 100-300 torr
is determined by quenching itself sf the excited states. Evaluation of 73S, quenching rate
constant gives Kquench - 10-11 cm s-1.

As 73S level pumping is carried out by dissociative recombination channel, xenon can
serve a a buffer gas because charge exchange between xenon and hydrogen is realized +
slowly 0. Kripton usage is wrp because of small rate constant of charge exchange Kr on
mercury atoms (' 13Q1 2 cm-3s-

Efficiency of 7 S 1 level population was determined by comparison of line intensity of
mercury triplet and the second positive nitrogen system in mixture Ar + N 2. Luminescence
efficiency of Ar + N was determined by calculation. Population efficiency for mixture
760 torr Xe + 1.5 tour Hg was - 0.8.

Therefore, gas mixture (He)-Xe-Hg-H is a perspective active medium for generation in
blue-green spectrum region at the pumping by reactor ionizing radiation. Efficiency can
get 7-8% on Z = 546 nm and 10% on). = 405 nm with the account of pumping efficiency.

Calculated generation threshold values are Wthrsh - 1.6 W/cm 3 (A = 546 nm) and
Wthresh. - 3.5 W/cm - 3 (A= 436 nm2 (without accoun of loss at absorption in an active
medium for o4 thresh. - 2-10- cm-). These values are close to maximum specific powers
deposited in a gas medium for stationary nuclear reactor. However, the experiments carried
out with laser on the triplet transitions of mercury atoms with the direct nuclear
pumping in our reactor do not allow to obtain generation.
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LASER GENERATION CHARACTERISTICS ON Xe INFRARED ATOMIC TRANSITIONS

V.I.Derzhiev, O.V.Sereda, S.I.Yakovlenko and A.G.Zhidkov

General Physics Institute, Academy of Sciences of the USSR
Vavilov Str. 38, Moscow, 117942, USSR

Abstract

Laser temporary and spectral characteristics Parti e 4iram of
on Xe IR atomic transition, in a mixture with Xe
Ar-Xe, at )t=1.73,2.03,2.63,2.65,3.37)Lm are 53/211
analyzed on the basis of numerical computa-
tions. Pumping by a hard ionizer and by dis- 2.65
charge sustained by an electron beam is dis-
cussed. Results of computations are in ade-
quate agreement with the experiment. 5(1[5/2

3.37
Introduction

Laser behavior on XeI IR atomic transitions
from the moment of triggering [11 evokes keen
interest of investigators last time [2-5]. 6 /210
Efficiency of 2-3 % at low-threshold nuclear
pumping has already been reached (2,6].Gene- 2.0
ration energy of 80 J has been attained by
combined pumping (5].

Despite these considerable achievement, 603/211
opinions differ as to mechanism of producing
population for laser IR transitions of XeI-- 2.53
by inversion. 605/21

This paper presents, on the strength of a
specially developed kinetic model, results
of theoretical investigation of Ar-Xe laser Fig. 1
generation at the wavelength of 1=1.73,2.03,
2.63,2.65,3.37jLm. Mechanisms of bringing
about inversion for these transitions are
discussed. Results of computations adequa-
tely agree with the data obtained by diffe-
rent experimental groups. At low pump power, there is definitely a

predominance of a flux preconditioned by
Kinetic Model dissociative recombination of the ion of

Xe: ;as pumping increase, dissociative
Computations in this paper are based on a recombination of the ion of ArXe proves to

kinetic model [7] which takes care of the be efficient pumping channel. As we consider
+. + +

ions of Ar* , Ar, ,ArXe ,Xe ,Xe. , excited only one of the mechanisms of populating the
atomic and molecular states of Ar* ,Air* , 5d[3/2]1 level, it appears virtually impos-
ArXe* ,Ar ,Xe* as well as 12 states of the sible to provide a satisfactory description
atom Xe(2s1 ,2p;,3dL). The mixing of excited of the available experimental data within a
atoms of Xe with atoms Ar,Xe and electrons wide range of environmental and pumping para
was also taken into account. meters. Transfer of excitation from one atom

We shall point briefly some special featu- of argon is only tangible at low pump power.
res characteristic of pumping by an electron The level 5d[5/212 of Xe atom, which is a
beam. The beam's electrons deposit their upper working level for transitions at
energy for buffer gas ionization and excita- 1=2.63,3.37.tm, may be populated with both
tion. In dense mixes, the ions of Xe+ and a dissociative recombination of the ions of
ArXe are generated effectively ans are ArXe ,Xe and in the course of the 5d[3/211
subsequently undergo dissociative recombi- level quenching, in reactions of the type:
nation into various states of XeI atoms.
Computations indicate that in the case of a Xe(5d[3/21l) + Rg=Xe(5d[5/212) + Rg, (1)
beam pumping of a dense mixes over 70 % of Rg=Ar,Xe
the relaxation flux are subjected to disso-
ciative recombination of the ions of Xe+
and ArXe + . These processes constitute a ma- Generation at X=1.73ym
Jor contribution to populating the states of
Xe5d[3/2]l, which in itself is a upper level This transition (5d[3/211-6p[5/212) as is
for transitions at 2=l.73,2.03,2.65'm(Fig.l) clear from the experimental data [81 and
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from our calculation [7], is most effective
within a wide range of pumping power.Maximum
efficiency >2 % has been attained both with laser energy J/cm"3
pumping by product of nuclear reaction [6] 1.OE-02
and with pumping by an electron beam [9].
Under the conditions of a low pump power
[6], an optimum pressure is equal to 0.5
atm. An increase in pressure leads to faster
quenching of the upper working level in the 1.73
processes (1), and, consequently, to a drop
of efficiency. In the case of pumping by an
electron beam [10], the 5d(3/211 level Is 33
quenched in reactions of the type:

Xe(5d[3/2]1) + e = Xe(5d;6p;6s) +e (2)

Therefore, an optimum pressure in this 1.OE-04 3
case is 3 to 4 atm. Any further growth of
pumping capacity will result in a greater
speed of the reaction (2) and, conversely,
in a drop of laser efficiency. Thus, an 2.65
Increase of the electron beam flux density
from 1.7 A/sm**2 to 5 A/sm**2 leads to a
decrease of efficiency from -2%[9] to 1%(10]. IOE-05

Should the electron beam density grow any
further, generation is likely to decline or
to be suppressed altogether as long as the
beam is effective. The drops radiating power
at the time of pumping, induced by growth of
electron beam current ( "double-humped" 1. OE-08
pulses), that were observed earlier [i], 1.E-O 1.OE-02 1.0E-01
were also obtained in our computations. It
must be noted, too, that with generation at (XeltAr)
X=1.73ym the lower laser level XeI is Fig.4 Spectral laser energy vs [XeJl/Arj

cleared by the atoms of Ar:
Xe(6p[5/212) + Ar=Xe(6s) + Ar.

Generation at X=2.03,2.63,2.65,3.374.m.

Alongside the most intensive line in the essentially that of recombination, the front
generation spectrum, four other lines can be edge of the pumping pulse, when the states
observed, whose intensity may increase both of Xe(6p) are still at an early stage of
in proportion to the growth of Xe content being populated, features proper conditions
(12] and to increased pump power [13]. In for generation essentially in transitions at
the work [12], they measured both the time X= 2.03, 2.65y m that have greater cross
dependencies of lines intensity at 1=1.73, sections of induced transitions than
2.03,2.63,2.65,3.37.Lm and the radiation X1=1.73 A-m. As the pumping power increa-
energies in these spectral line in relation ses, population of the lower working level
to Xe content. We calculated spectral compo- grows, which results in virtual suppression
sition of radiation on the basis of the of generation at jL=2.65,2.03,m. For the
relationship 5=[Xe]/[Ar] under the condi- same reason, generation at AL= 3.37J-m
tion similar to,those [12] (Fig. 2-4). ( 5d[5/2] - 6p[3/2]i) is also suppressed at

Let us discuss the nature of obtained the front edge of the pumping pulse. Condi-
relationship for the cases of 5 =0.01 and tions at the trailing edge of the pumping
6=0.25. With [Xe]/[Ar]=0.0l (Fig.2), the pulse, when populations of the Xe(6p) decli-
next most intensive line after 1.73 m is ne, again become favorable for generation at
that of X=2.63P.m ( transition 5d[5/212- 3 =2.65 and 3.37jpm.
6p(5/212), at which quasi-stationary genera- At Xe:Ar=l:4, the generation spect -
tion is obtained. The 5d[5/212 level is rum undergoes a substantial change. In
populated in the course of processes (1) this case, maximum of the generation energy
and, in smaller measure, when the dissocia- occurs at A= 3.37 and 2.63,$m. This is due
tive recombination of Xe4 ,ArXe" ions is to the fact that in a situation like this
in progress. For this reason, as the content the quenching of the upper and lower wor-
of Xe increases, the quantity of radiation king levels for generation transitions takes
energy in this line also grows (Fig. 4). place in collisions with the atoms of Xe.

The transition that occur at I=2.03j m A faster rate of clearing the 6p[3/2] level
(5d[3/211-6p[3/2]l) and at X=2.65-Lm in collisions with Xe results in that maxi-
(5d(3/2]l-6p[I/210) are characterized by mum energy is now concentrated at .=3,37jm.
the same upper work level as the transition It should be noted that according to our
at X=1.73,um. As the mechanism of popula- computations, there is no generation in pure

ting the excited states of the Xel atom is Xe at the five lines being investigated.
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An increased flux of the electron beam these conditions, most energy is concentra-
leads to a change of the radiation spectral ted at ?L= 2.63aym. Calculated energy of the
composition [13]. Thus, at J=36 A/cm**2, the pulse is 1.3 J, the value obtained as a re-
lines at A=2.65 and 2.63.m are most inten- sult of the experiment is 0.9 J.
sive. An increase of generating power at Calculations were also made for the spe-

)L=2.63jum is associated with a faster cific conditions of the experiment (5], in
rate of populating the level 5d(5/212 in which a generation energy of 80 J was achie-
the course of step-by-step excitation of Xe ved. These calculations were made for
atoms. A higher generation power at X1= )L=l.73,um. Fig.6 shows good adequacy of the
2.65,um is due to an improved clearing of calculations and the experiment.
the 6p[1/210 level by electrons.

A Discharge Sustained by the Electron LASER POWER MW
Beam 50

Superposition of the electric field at
the time when the electron beam is effec-
tive leads to a considerable increase of
the laser energy and efficiency [5,9,14,15]. 40

To model a non-self-sustained dis - calculation
charge, a system of balance equations for
populations was resolved Jointly with the
Boltzman equation and the equations of the
electric circuit, where discharge gap 30
resistance calculated on the basis of the
energy electron distribution function ob-
tained.

Generation curves of the Xe laser were
calculated for the experiment f14] , which 2riment
did not investigate the radiation spectral 20
composition. It was only because generation
at three lines was taken into account, that
it became possible to attain good adequacy
with the experimental data (fig.5). Under 0

LASER POWERKW/' t3

2.63 0
o2 2.6 0 1 2 3 4 5 6

10- 2 5TIMEYS
_ 0 "0.3 Fig,6 Output at 1.73 m for combine pumping (6

8
-0.2 The calculations prove there is a mecha-

nism responsible for the storage of energy
in metastable atoms [15], which substantial-

- -2 ly increases laser energy and efficiency in

the case of electric field superposition.

1.73 in our calculationsthe efficiency defined
0.15 as the ratio of the generation energy to the

4- put into the active medium by a discharge

and the electron beam, reaches 4 - 5 % and
0.1 more. However, an increase of electric field

beyond a certain value ( which depends on

2 specific conditions ) results in greater po-
-0 pulations of Xe atoms, metastable atoms and,

as a consequence, in a stepped ionization
instability, which was observed in our cal-

0 ' '0 culations, too.

0 0.05 0.1 0.16 0.2 0.25 0.3 0.3 c

TIME ,.PS
FI.6. Spectral oharaoterletlo for combine pumping 1161
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AMPLIFIED SPONTANEOUS EMISSION SHAPING IN A SCATTERING
LASER PLASMA WITH DUE REGARD FOR REFRACTION

V.I.Derzhiev, A.V.Gulov, A.O.Terskih, S.I.Yakovlenko, A.G.Zhidkov
General Physics Institute, Academy of Sciences of the USSR

Vavilov Str. 38, Moscow, 117942, USSR

ABSTRACT

The divergence of an amplified spontaneous emission in laser plasma is computed viht
due regard for refraction of free electrons. Analysis of the radiation divergence on the
3p-3s transition of the Ne-like ions is performed.

An interest to the analysis of angular cient is determined from the nonstationarity
distribution of the amplified spontaneous balance equation for the populations, which
emission (ASE) was stimulated by the rese- takes into account the simultaneous contri-
arch aimed at generation of emission at bution of all the particles in a cell (ap-
the transitions of multi charged ions in proximation of the average field). After
the plasma formed by a hide-power laser reflection from the boundary the particle
impulse. Starting from the works in 1985, weight is assumed to be equal to zero. The
Matthews, et al., a considerable number of total weight of the particles reaching for
publications have appeared reporting attain- the time interval &t the boundary at an
ment of amplification at the transitions of angle is averaged and the brightness in
the Ne- and H-like ions.In all the works the angle e -G+ G is determined in terms
the growth of the enhanced radiation inten- of Wt/cm**2*strad. Note that the boundary
sity in the region far from saturation was may adiabatically change in time. Without
observed to depart from exponential low. refraction, the results are controlled by

The phenomenon was accounted for by the the computations using the method of "satur-
influence of refraction due to inhomogeneous ation functional" (Zhidkov et al ,1987),
distribution of the electron density having a controllable accuracy. The gist
(Matthews et al.,1986). In this connection, of this method is in a numerical solution
we consider it actual to develop programs of the integral equation for the value:
for computation of the amplification coeffi-
cients in the expanding plasma (Derzhiev et
al.,1987) and for determining the ASE angu- C9T ) 18S 0 -,
lar distribution with the refraction taken
into account. For this purpose Zhidkov et determining the degree of saturation of the
al. (1988) generalize the method of the working transition with radiation; Sois the
"particles in the cell", suggested for cal- spectral function of the transition, LJ(".iis
culation of the emission generation charac- the ASE frequency intensity uJ in the direc-
teristics by Molodych et al., (1984) . The tion -n, Is t is the saturating flux.
method employs a three-dimensional equation Fig.la illustrates the ASE angular dist-
of radiation transport.The active medium is ribution at the 4-3 transition of the CaXX
divided into N cells which are randomly fil- ion in the strong saturation mode (O=18.5
led with the particles moving by the trajec- cm-' ' -=i cui', active medium is a paralle-
tories described by : lepiped, &L*L = 0.1 cm * 4 cm ) for various

dependencies of the reflective index n upon
d(nl) dS the coordinate (Fig. lb).Without refraction

- = grad ( n ) ;- = cl ( 1 ) (curve 1) the radiation divergence is close
dS dt to being geometric.For the refraction index

dependencies (2) and (4), ASE constitutes a
where n=n(r) is the refraction index, c is ring with a maximum brightness at the angle
light velocity, ris the vector tangent to 9" @ , where &n is the refraction
the particle trajectory S. Equation (1) is index variation (for version 2: hn=3*10
numerically solved. The weight of the k-th (,=0.055 rad ; for version 4: bn=10
particle, n, , is determined from the equat- 19=0.1 rad). The situation changes radica-
ion : lly if n(x) varies weakly in the center

(curve 3), which is typical of the laser
cL ( _IK +0 plasma.In this case the intensity distribu-
c L+ tion has two maximums. Though the area of

the region n(x)=const makes up only 6% of
0kis the power of spontaneous radiation, total area, the radiation brightness at

-is the coefficient of nonresonant abso- G= 0 exceeds by an order of magnitude
rbtion, the saturated amplification coeffi- that at =
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The impact of refraction upon the ASE diver- was calculated with an account of Doppler,
gence was probably for the first time obser- Holtsmark and electron broaderning. The
ved for the 3p-3s transition of the Ne- level kinetics of the H-like ion was calcu-
like Se ion (Matters et al,1986).Therefore lated with due regard for reabsorption of
we have used the same conditions to compute the Lyman series in the escape factor appro-
the ASE characteristics for 3p-3s transition ximation.
of the Ne-like Se ion in dependence of Numerical modeling showed that an evapo-
line length. The kinetic matrix required to ration of 0.1ym thick layer from the sur-
determine the saturating power was taken face of carbon fiber at a heating laser
from work by Matthews et al (1985) . pulse energy of -2.6 + 0.6 J/cm , a peak

Fig.2a presents the computation results gain coefficient of 3 cm (18.2 nm) is
for the ASE angular distribution performed attained for = 0.2 ns . One of the versions
for a homogeneous unsaturated amplification of our calculations is presented in the
coefficient R=4cn O-= 10

-a cm-i, &L= Fig.3. Fig.3 illustrates also the experime-
1O-cm. The electron density distribution ntal data of Chenais-Popovics et al, 1987
in these computations was assumed to be pa- and results of specified measurements of
rabolic with a maximum equal to 10' 1cm- 3 . gain in RAL(Rose 1988) based on comparison
With increasing length of the active medium axial and transverse intensities. Our re-
the ratio of the brightness at the refrac- sults are in agreement with the latest
tion angle to that at 9=0 aharply drops.For experimental data. It should be noted that
instance,at lae L=16 the ratio is close to such an exact coincidence is random.
1/10 and at 94 L= 32 we have already -, 10-. However, temporal characteristics of the am-

The radiation power at 0 =1 mrad vs the plification properties are in good agreement
active medium length is presented in Fig.2b. with the available theoretical concepts.
As it is evidently, the influence of the We have calculated the evolution of both
refraction is noticeable already at L=4 cm, Formvar plasma (OLIII ion, 4-3 transition,
and actual variation in the power at this Derzhiev et al, 1987) and ASE characteris-
angle is small and may differ only some tics for line with L = 8 cm. For this pur-
times. pose we calculated the parameters of the

We have made calculation of the plasma Formvar plasma, Ne, Te,and of its ionizatio-
gain properties on the 3-2 transition of nal content by ID equations of gas dynamics
CVI ion for the condition of experiments of taking into account the nonequilibrium ener-
Chenais-Popovics (1987). These calculations gy release to the electron gas ( see
have been stimulated by a strong discrepan- Derzhiev et al, 1987) .
cy between the value of the experimentally In computation the boundary velocity was
observed amplification time and our theore- taken to be equal to that of the plasma ex-
tical results. panding velocity Uo(t). The calculation

We have consider the cylinder geometry results of the ASE angular distribution are
plasma bunch expansion having at the end of presented in Figs.4,5. Fig.4b illustrates
the heating laser pulse (70 ps) homogeneous the calculations performed regardless of
distribution of plasma density, temperature refractions. As it is seen, the results in
of ions and electrons, charge distribution, Figs.4a and 4b differ rather noticeably, and
and a linear distribution of velosity along in the region of t < 0.2 ns there is even
radius. The ablation mass was estimated qualitative difference.The refraction makes
through the experimental value of the energy the radiation brightness atia=0 by an order
absorbed in the target, E = 2.6±0.6 J/cm of magnitude less due to broaderning of
(Chenais-Popovics et al,1987),assuming Saha angular distribution. More over, its inf-
distribution over the charge states .This luence leads to a radical change of the
value was varied in calculations.Because of temporal dependence I( 9=0,t) (Fig.5). With
low electron thermal conductivity,the tempe- decreasing electron density NP, refraction
rature of the solid-state part of the fiber looses its influence. At t=l ns and 0 = 0
ts Coect.That enables to consider the expan- the brightness differs -5 and markedly
sion of the plasma bunch having cylinder decreases already for t > 1.5 ns , for t=
layer geometry with inner radius RL (varied 1.5 2 ns it equals half the maximum.Thus,
in calculations in accordance with the tar- for the 4-3 transition ( and logerwave tran-
get mass evaporated). Energy contribution sitions ) of the ions with small Z<10 the
per 1 particle is determined from the re- impact of refraction is rather weak,
lationship: facilitating the observation of enhanced

P=Ey,-T(p2__2-) lo spontaneous radiation in the superradiation
regime. However, with increasing charge

where Ro= 3.5 pm, N 0 9is ion solid Z of the H-like ion, the optimum value of
density. In the energy distribution an acco- the electron density, Nopt at which the amp-
unt was taken of the contribution to the lification coefficient is maximum, increases
thermal energy E*, energy of macroscopic mo- as Z4and the transition frequency - as Za-,
tion Eand ionization energyit was assumed then the refraction index would increase
that E zE t and this relationship was varied, as Z 6(the refraction angle increases in

For calculation we have used ID hydrody- this case as Z3/z ) and, correspondingly, the
namics code (initial equations are in many refraction influence becomes stronger. This
aspects analogous to those used in Derzhiev is especially important when proceeding to
et al,1987). The H,Cf1 line wight (18.2 nm) short laser pulses and highly charged ions.
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KINETICS OF ACTIVE MEDIA IN HIGH-PRESSURE METAL VAPOR LASERS

V.I.Derzhiev, A.V.Karelin, S.I.Yakovlenko and A.G.Zhidkov

General Physics Institute, Academy of Sciences of the USSR
Vavilov Str. 38, Moscow, 117942, USSR

Abstract

Detailed nonstationary kinetic models of Penning reaction with its own atom (fig.l,b),
high-pressure He-Cd, He-Zn, He-Hg, He-Mg, for example :
He-Ca, He-Sr, Ne-Sr,He-Xe-Sr,He-Ba and He-Be
lasers pumped by e - and i - beams have been He + Cd =He + Cd 5
constructed and analyzed at the General +*
Physics Institute (Moscow). The lasing Cd + Cd = Cd + Cd + e . ( 6
characteristics were optimized depending on
the active media parameters and energy depo- Fig.2 presents output power of He-Cd la-
sition. ser (relative units) versus helium pressure

(2,a) and versus resonator mirrors reflection
Results (2,b). Solid lines - experiment, dashed lines

- calculations. The helium pressure optimum
The PLASER-1 program package developed for the green lines is caused by the competi-

at the General Physics Institute was used tion between the growth of upper working le-
for calculations of local kinetics. Radia- vel pumping in the reaction ( 5 ), on the one
tion was calculated to a zero-dimensional hand, and by the conversion of He+ ions with
approximation ( i.e. volume averaged ). The a formation of He+ ions, on the other hand.
calculation method and brief description of The same situation takes place for He-Zn (A =

some models are presented in [ 1 ]. 758,8 nm ), He-Hg (A= 615,0 nm ) and He-Mg
More detailed calculations were made for lasers.

pumping by a compact RADAN-150 type accelera- The buffer gas optima for He-Cd ( j =

tor with the parameters: beam current density 325,0 and 441,6 nm ) and He-Zn (A = 747,9 nm)
j = 100 A/sc, pump pulse duration over the lasers are reached 3 - 5 atm. depending on
base t = 10 ns, electron energy E = 100 key. the resonator reflection. The presence of op-

Fig.1 presents a comparison of numerical tima is attributed to the growth of the upper
modeling results for the He-Cd laser (A = working level pumping in Penning and charge
325,0; 441,6; 533,7 and 537,8 nm ) ( dashed transfer reactions ( 1 ),( 2 ) - type as well
curves ) and the experimental medium tempera- as to collisional broadening of the working
ture dependent data obtained at the Institute transition line. Moreover, at high concentra-
of High-Current Electronics of the Siberian tions of buffer gas the three-body reaction
Department of the Academy of Sciences of the of ( 3 ) - type gives a negative contribution
USSR ( solid curves )H 1 - 3 1. either.

Numerical modeling enabled to establish It is general for the lasers discussed
for high pressure hard ionizer pumped He-Cd above that the clearing of lower working le-
(.A = 325,0 and 441,6 nm ) and He-Zn ( A = vel is a result of radiation decay. This le-
747,9 and 589,4 nm ) lasers temperature- ads to the fact, that such lasers have quite
dependent optima for output lasing power low thresholds, however this circumstance le-
and laser efficiency are due, on the one ads to some limit on maximal energy depositi-
hand, to increasing of pumping to the upper on to an active medium.
level with growing metal vapor concentration Further on we shall consider lasers with
and, on the other hand, to deexcitation of another mechanism of population inversion
this level in the conversion reaction of the creation which involves collisional clearing
Cd and Zn atomic ions into Me - type ions of a lower working level. High-pressure He-
with subsequent dissociative recombination of Sr, Ne-Sr, He-Xe-Sr ( A = 430,5 nm), He-Ca
molecular ions, for example : ( a= 373,7 nm) and He-Ba ( A = 490,1 nm) la-

sers are related to this type of lasers.
He+ + Cd = 2 * He + Cd(5s2 D"D,) , ( 1 ) In the fig.3 there are calculated depen-

dences of lasing efficiency the active media
He(2 3 S) + Cd = He + Cd(5s D5 /p) + e , ( 2 ) considered upon buffer gas pressure. Numeri-

+ cal simulation has proved that not only re-
Cd(5s22 Ds/) + Cd + He = Cda + He , ( 3 ) combination of doubly ionized Me+*-type ato-

mic ions , but also dissociative recombinati-
Cdp + e = Cd* + Cd ( 4 ) on of doubly ionized heteronuclear HeMe -

type ions can be the dominant channel of the
In high-pressure He-Cd ( A = 533,7 and upper working level pumping.

537,8 nm ), He-Zn (A = 758,8 nm ), He-Mg (a = The fig.4 illustrates the dependences of
448,1 and 921,8 nm ) and He-Hg (A= 615,0 nm) output lasing power and active media effici-
lasers, the temperature optima are caused by ency of the lasers upon active medium tempe-
deexcitation of the upper active level in the rature and e-beam current density.
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Optima occur due to formation of Me - the mixture is pumped by a proton beam with
type molecular Ions and their susequent dis- parameters: The pumping duration over the
sociative recombination, which leads to the base t=100 ns, proton enrgy E=1 MeV,current
drop of electron density and, as a cosequen- density was varied in the range J = 100 -
ce , to decline of lower w.rking state clea- 1000 A/sc.
ring. Other important processes leading to In the fig.5 it is shown that the inver-
the drop of output lasing power with tempe- sion on the 4 -- > 3 and 3 --> 2 transitions
rature growth, are deexcitation of high- in high-pressure He-Be laser takes place at
lying states of metal vapor single ions in substantially different Be concentrations.
Penning reaction with its own atoms and, in At relatively low Be concentration (~I.E15-
the case of low buffer gas concentration and l.E17 I/cc) there is inversion on 3 -- > 2
high temperature, charge transfer reaction transition due to the intensive clearing of
of double Me ions with its own atoms as the lower working state. Inversion on the
well. 4 --> 3 transition is absent because the

The presence of optima with respect to electrons clear the upper level better than
the e-beam current density is explained by the lower one. When the Be concentration
the effective electron deexcitation of the rise, an intensive generation of the Be
upper working levels, molecular ions with subsequent dissociative

It should be noted that according to recombination leads to the electron density
calculations a small adding of Xe to He-Sr drop and inversion quenching on the 3p-->2s
mixture leads to exclusion of the spurious transition. On the other hand, domination
channel of lower working level population of radiational decay over electron-collisio-
around upper working level and, thereby, to nal transitions leads to inversion emergence
a laser efficiency rise (at sufficiently on the 4-->3 transition.
high temperature). In conclution, in the table 1 there is

It was interesting to investigate a a summary of the theoretical results inclu-
possibility of lasing on 4 --> 3 ( A = ding optimal active media parameters, opti-
467.3 nm) and 3 --> 2 ( A = 177.6 nm) tran- mal energy (for nonstationary pumping) and
sitions of a single BeII ion mixture with power (for quasi-stationary pumping) depo-
He and without It. sition and maximal theoretical laser effi-

It our calculations we proposed that ciency.
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Table 1. Optimal parameters of high-pressure metal vapors lasers

mixture wavelength, T,deg C p,atm q, P,
nm mJ/cm**3 kW/cm**3 %

441.6 360-390 3-5 _1 2 0.9

325.0 360-400 2-3 _1 2 0.25
He-Cd --- ___ _____

533.7
450-500 1-1.5 _1 2.5 0.15

537.8

He-Zn 747.9 450-490 2-3 _12 <0.1

758.8 >500 _1 0.2 1 -0.1

He-Hg 615.0 200-240 2-3 2 2 0.04

448.1 700 2-3 0.5 1 0.3
He-Mg

921.8 620-650 -1 0.1 0.3 -0.01

He-Sr 800-850 4-6 6 2.5 <1

Ne-Sr 430.5 720-850 >1 6 0.7

He-Xe-Sr >850 3 >1

He-Ca 373.7 750-800 2-5 50 10 0.7

He-Ba 490.1 950-1100 2-5 30 5 0.15

177.6 5.E16 * 1-1.5 350 0.9
He-Be

467.3 1.E19 * 2 350 0.7

*dimension 1/cm**3

OUTPUT POWER, RELATIVE UNITS
1.2[

0.8 [

04

300 320 340 360 380 400 420 440 460 480 600

TEMPERATURE, C
Fig i.Power of He-Cd laser versus active medium temperature
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SHORTWAVELENGTH GAIN COMPUTER CALCULATIONS ON ION TRANSITIONS

IN EXPANDING PLASMA

A.V.Borovskii, E.V.Chizhonkov, A.L.Galkin, I.V.Kardash, V.V.Korobkin

ABSTRACT
The theoretical models and main numerical results concerned the pumping

of multiply charged ions in expanding plasma are represented.

Last years the intensive progress of experimental and theoretical works
was observed in obtaining of the stimulated shortwavelength (W50 rim)
emission on the external electron shell transitions of multiply charged ions
in plasma. Being interested in recombination scheme, we shell analyse several
types of recombination pumping of multiply charged ions. We not pretend on
exhaustive review of all works dealing with this question. We should
emphasize that authors of papers [1-51 have been made the great contribution
in the solution of this problem.

The theory of this question includes simultaneous solution of following
problems: hydrodynamics of multicharged plasma in accordance with the
evolution of ion composition, kinetics of excited levels for active ion,
dynamics of stimulated and spontaneous radiation in plasma volume.

Hydrodynamics of mult[charged nonequiltbrium ionization state plasma. A
set of following equations are solved for some chemical element plasma
(further - for carbon plasma):

Or u aO (lp 0d r v  u Vo
U, R(1/p) = r(rvu), = -r 'Ys (1)

0 (Be a 2 d

VT(F+ + t + ) + -(r up + we) + p, (2)

d 0
Et+ p, (r'u) - qe= 0 (3)

K
= (Ca, k=1,2, ... K), Z ac= 1, (4)

k=1

Here t - time, s=fp(rY)r'vdr ' - mass variable, p - mass density, 1, - geometry
0

factor (v=0,1,2 for plane, axial and spherical geometries accordingly), r -

Eiler coordinate, U - plasma velosity, p - total pressure, wich is sum of the

electron p. and ion p, plasma component pressures, E. and E, - internal

thermal per mass energies for electron and ion plasma components, E on- per

mass ionization energy, we - is propotional to electron heat flow, q

collisional electron-ion energy-exchange rate, j - radiative losses, (p =

external energy source, & - "vector" of ion fractions in ion composition (we

account for different orders of ionization and ion excitation) , K - a number

of energy states, wich are taken into account, B - relaxation matrix, wich

nondiagonal elements represent the transition rates between corresponding
energy states, and diagonal ones - the total decay rates of states (Bi =

- B 1j).
isii

Idial gas relations between pressures, mass thermal energies,

temperatures of plasma components and its density used in this model are

P Pe+ pt Pe.= 2 PE.' E= 3m <Z>Te E= 3k Tt. (5)

- Boltzmanns constant, m - ion mass.

Let us put the elements of &-vector as follows: ((L ,

k=1.2 .... klk1 ,kI+i .... K 2...;k Z+1 I,k_1 +2 .... k z;K). The group of elements

k=1.2 .... k1 denotes the relative populations of ground and excited atomic

states, k=k 1 +1.k1+2 .... k2 - of ground and excited states for the first order

of ionization ions and so on, last element denotes fraction of the completely

stripped nucleus. Here Z - nucleus charge of chemical element. In such
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denotements the average charge and average plasma charge square equal
Z k1+1 Z k 1+1

<z>= Z, Z, Iz <z>  % Z. (6)
=1= k=k +1 1=I k=k 1+1

The mass ionization energy is given by expression
K

ton- k 1° ItF,(7)

where Ek - total energy, which should to spend in order to get energy state k

from unexcited atom (do not confuse with ionization potential).

Electron heat conductivity and Coulomb energy-exchange are discribed
approximately basing on the results [61

9 5/We -r 2PT (Te,<Z>,<Z2>) aT

ae(T ,<Z>,<Z 2>) 1.9x0
9 <Z" T 5/2

e e A Z>e

2. 7 3x1027 Z<Z2 >pAT - T
et a3  ( /9)

A - Coulomb logarithm, A - medium atomic wheight. Physical values are given
in the CGS system of units, but temperature in eV.

Radiation losses are consisted of bremstrallung [71, photorecombination
and line emissions

Jp+J9 b 5 .54xl 22<Z><Z2>pT /2 e ' (10)

Expressions for Jp and J we'l give in process of further development of

model.

Expression for external mass energy source (laser puls with power per
fiber length unit F0 (t) and wavelength Xl) is the solution of laser puls
transfer problem. In underdense plasma we have

1 1 p (S't) s 5  p(Si It)ds 1(P('t) -F (t) expf
t V) p(s,t)rv(s,t) I t bP (Si ,t)r'(stl ,)

s Sb[ S p.(s1 ,t)cls 1  
8b p,(Sit)si 01+ .. ... . (!i )

[-0 p,(s I ,t )r"'(sl,t) 0 p(s19,t )rV(-81 t)1

In opposit case energy source takes the form

L(S't) + 60s-s )]exp S'
(p(st)= 0(,-V (s,t)rv(s,t) .r]-t)rv(s't)] or

SbI
0, S<S cr (12)

Numerical factor C(V)=[1,v=0; 2%,V=I; 4%,V=21. In considering problem only
the bremstrallung losses for heating laser puls are taken into account. The
attenuation factor k is defined by expression [81

-
3 9g 2X/MKM/ NeN" Z2> 1 41u- 2  21ct=6 lO' g(Te ), uo' P--Ne -7

e T 1T3/ 2/ )2 p e

Ne= <Z>N, N=p/m (13)
Function g(Te ) is given in [8].

In practic calculations a number of kinetics equations (4) may be not

too large K<20-30. In the same time a number of energy states existing in
plasma is very large K>>20-30. Therefore let us consider some

simplifications.

1) The steady state flow approach ,for excited ton Zevels has been
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introduced into hydrodynamic calculations in [5,10,16]. This approach uses

the difference in decay times of ground and excited ion states, wich allows

to retain in (4) time derivatives ac k  only for ground states. The

derivatives for all excited states should be equal to zero. In this case

&-vector contains fractions of ions with different ionization order (ion

composition of plasma). B matrix has three diagonals. The ionizatinn 7 ind

renombination 0 rates are the nondi,_nnals el1mfl,- of B. They -r -xprezsed

by the rates of elementary processes and populations of ions' excited states.

In the case of partially reabsorped plasma the laters are the solutions of

nonlinear algebraic equation systems.

Often additional simplification is used. Plasma is assumed to be

optically thin for spectral lines. This allows to get rid of nonlinearity

factor in equation systems for the excited level populations, caused by

spectral line reabsorption. As a result populations satisfy the linear

equation systems, and the values 7, P and 6 (6 - energetic coeffitients) may

be tabulated as the functions of N and T . (If we take into account thee e
lines' reabsorption, such tabulation is not possible, as the result depends

on the velosity field u(r,t).) Photorecombination and spectral line losses

take the following form
A Z

j = - ( _ L61(4

The numerical values of P,7,6 in practic calculations are put in hydrogenlike

form [11], see also [12-14]. I- ionization potential for ion of order "1".

Namelly such approach is used in first step of our simulations.

The obtained radial profils of hydrodynamic variables and of ion

composition are used to determine populations of excited levels of H-like ion

taking into account the reabsorption of spectral lines. Problem is nonlinear

and is solved by itterative method. Some results of such calculations for the

case of initially fully stripped carbon fiber expanded into vacuum without

external energy souce (q0=0) are represented in [15].

The whole, discribed approximation is inconsistent in three points:

at-first, hydrodynamics is considered for optically thin plasma, but

selective calculations of the populations and gain take into account lines'

reabsorpsion; at-second, it is not clear the error value for populations of

the excited levels of ions entered by steady state flow approach; at-third,

H-like approach is not quite correct to discribe He-, Li- like and others

ions. Let us note, that enumerated circumstancies are essential only for

calculation of the ion composition and excited level populations and in

practice they are not influence on the calculation results of the crude

hydrodynamic variables u,p,r,T e,T .

2) Hydrodynaics with t onstattonary kinetics of the excited levels of
H-Itke ion. The structure of &-vector and B-matrix used in second set of

calculations include the ground states of Li- and He-like ions k=1,2, ground

and eight excited states of H-like ion k=3,4...11, and fully stripped nuclei

k=12. Li- and He-like ions and the radiation losses on them are discribed as

in the previous item. The H-like ion discription changes cardinally.

The relaxation matrix for CVI-ion takes the form

Kij= Aij+ NeVij, I,J=1,2...,9, i#J. (15)
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The meaning of the subscripts 1,j is the main quantum numbers of H-like ion

states. Levels, wich are above 1=9, make up quasicontinuum. A ij- radiative

matrix, Vii - collisional one. Ionization rates for discrete levels and

recombination ones on they take the form

Ji= (Vie+ V c)Ne, Rj= (Vei+ Vci + B e)N e  i=1,..9. (16)

Vie- ionization rate to continuum, Vic - to quasicontinuum, Be -

photorecombination rate on level 1. The connection with quasicontinuum is

taken into account only for levels 1=8,9. Details concerned with matrix K are

represented in appendix 1.

Energy photorecombination losses [7] and line emission losses on H-like

ion are given as follows
H 11 i-1

= Z a3 LAn (El- Es), n1 = 1-2, mj= J-2, (17)
fit=4 J=3 i1.793x1024 p

2 Z4  - <Z>Ot (18)
D= a T1 /2  12

eThe system of equations (1)-(4) is solved at following initial and

bounde conditions

p(s,O)=po, Te(S,0)=T(s,O)=TO, u(s,O)=0, r(sr0)=Ro , u(O,t)=0,
QTe('t)=O, p(s r ~ ) O  T(rt)=O, BT(sO) -(s,O)=O. (9

To solve the problem (1)-(19) numerical method, wich has been worked out

in [16], is used. Method is based on fully conservative slihgtly dissipativp

numerical scheme [17].

The aim of investigation is gain U-icLlU , r i I,1A s

for example on 3-R transition of hydrogeniike carbon OVI (X=18.2nm)

+ lu C2 H 4 (N3- N29 3 /g 2 )' V
~32- 2 A 32 "(0 3 2 = Y?(3232 c 32

V,= -/2t/mt, N3= %p/m£, N2= a4p/m. (20)

The results obtained in concerned above model give a qualitative
accordance with [1), see fig.1.

Fig.1. The free expansion into vacuum of the

20. initially fully stripped homogeneous carbon

2 fiber with initial density p0=6.10
3 g/cm3 ,

temperature Tio=Teo=To=60 0  eV and radius
R=1.7.10-3 cm. The calculation in frame of the

T\A second hydrodynamic model, described in the

I 1 \ text. (The gain R2 (r) radial profils for OVI

ion: (-) - from [1] at time instants

3' 300(l),500(2),700(3),900(4) ps; ( --- ) -

V sprofils calculated in this work at time instants

340(1'),450(2'),810(3') Ps. 32
O j given.)0' 0. .2 0.3

(nm)
The comparison of calculations of ionic plasma composition using both

models is presented in [23]. This comparison shows that quasistationary
approach for CVI ion levels kinetics overestimates ion recombination rates
and that reabsorption considerably affects evolution of ion plasma
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composition.

Cylindrtcal lcyer plasma expcls on with unevaporated solid kern of
carbon fiber has been observed in [1]. In our work the comparison was made
for the gain in a freely expanding plasma fiber with and without solid kern.
We used the second more complex model and put the second type of the bound
conditions for heat flow on interior unmoving bound. The results for the both
cases were approximately the similar.

The stmulatton of fiber ezpansion heated by l.ser radiation was carryed
out for underdense plasma. This case is not satisfactory for recombination
pumping mechanism due to plasma overheat and the gain value is decreased.

D nmfcs of stimuZated emission. Particularly The gain is the main
quantitative characteristics of shortwavelength stimulated emission on
multicharged ion transitions. But to fully estimate this effect it is worth
while to consider the problem of light amplification in plasma with
parameters perspective for this purpose. Such consideration leads to the
third problem on the way of the full modelling, namelly - to the problem of
space radiation transferr.

The two-dimensional space dynamics of the stimulated radiation (with
friquence W) through axial-symmetric transvers-inhomogeneous plasma fiber
(with radius R) is described by eikonal method. In the frame of such approach
intensity J(y,r) of stimulated emission is given by equation

Ty _ 1 r[rj] + [ r +(r) -(r)]J, (21)

r+j/J 5 (r)

(p(y,r) - eikonal, W+- gain, e-- nonresonant absorpsion coeffissient, JS(r) -
saturation intensity for lasing transition. The first term in right side (21)
describes the light refraction (defocusing). The second term - amplification
and attenuation of light. Initial condition for equation (21) is
J(O,r)=J(r). Eikonal (p(y,r) satisfies equation, wich is deriv_d from
radiation transfer equation for complex electro-magnetic wave amplitude. As
the surface of constant phase propagates along the fiber its form reaches to
the cone. In this case eikonal is given by

(A)2 (0-2r / 2
r W (0 (r)r)'2  (r). (22), =r me e

Equations (21),(22) may be used for description of stimulated radiation
transfer along the transvers inhomogeneous plasma fiber. In frame of proposed
method it can be taken into account resonant line rcabsorpsion, several
lasing transitions, saturation of inversly populated transitions by
spontaneous radiation and some others effects [18,15]. The results of such
simulation for 3d5/2-2p3/2 transition of CVI ion is shown on fig.2.

Fig.2. The 0.75 ns time instant of the free

expansion into vacuum of the initially fully

stripped homogeneous carbon fiber with initial

U density pc,-P 10 -3  g/m 3 , tpz:i I-,-
T =T T = -. V n 1 Tnt.O! -

10 eO ) 0 ' 1) in.

caiculation in frame of the first simplified

0 hydrodynamic model, described in the text. (The
1 2 3 ' 6 radial behaviour of the CVI-ion spectral line

3d5 12 -2P3/2  intensity calculated by eikonal

0 method for 1(1),5(2),10(3),15(4),20(5),25(6) cm
0 0.Z . 0.6 y-distancies along the fiber axis.)

r (mm)

Conclusions. In this paper the theory of recombination X-lasers is

developed. The theory consists of hydrodynamics with nonstationary kinetics
of ion composition including the consideration of the excited levels for
lasing ion in stationary and nonstationary maner, dynamics of the stimulated
radiation in active medium.

The several pumping schemes are discussed. Some interesting numerical
results are represented. They allow to make conclusions about the values of
the shortwavelength gain, refraction losses, light intensity and also about
the time-space evolution of this characteristics in expanding plasma.
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The Dopplers gain in the expanding plasma fiber on 3-2 OVI-ion
transition has the value ae+ =1-5 cm-1  in all variants of our exect
calculations. The radial profil of the gain has circular form. The
3d5/2-2p3/2 spectral component is lasing. The complex hydrodynamics,
nonstationary behaviour of level populations during plasma expansion,
reabsorpsion of resonant spectral lines in plasma volume, strong saturation
of working transition by spontaneous radiation, thin splitting of H-ion
levels, refractive losses of the stimulated radiation are the most essential
phenomena affected physics of recombination X-lase,-.

APPENDIX I
To fill in matrix K the folloing formulas are used:

4 Hjl, >,

AiJ= { i J. > (23)

Radiative matrix for hydrogen atom is [7] -

AH  = 8.05 10 - 1 T(j 9( - (24)

Loss oscilator strength is [191 -

32 1 g(l,x) 12

f-= ,- X = I-- 1<j
lj = 3YS3- j3 X3 , X= j2' <9

2 gl(i)
g(l~x) =o . (25)

1 1 2 >3

go 1.1330 1.0785 0.9935+0.2328/1-0.130/1

gl -0.4059 -0.2319 -0.6282/1+0.5598/12_0.530/13

92 0.0701 0.0295 0.3887/12_1.181/13+1.470/14

Reabsorpsion factor [20] is introduced for three bases
Lyman-lines

SI; J761; i>4, J=1;
e= -exp(-) x+1/2 (26)

, J=1, 1=2,3,4.
Xi 3/2x,+1/2

31VA (a3P/m)' UJ),=2.O68x1 016 2- Z2U) ill

Collisional matrix is [21] -

3 /23.xl- fj RY i3/ ii ( J

I2 JAE ijI exp(piJ)

Vi= 0, 1=J, (27)
J2 Ry 3/2

3.2x10-7 12 r i IJEi1 1 P2

T AslJ= RYZ 2- 2 = 6.579xl0-1 6 wi /eV/.

0.01 0.02 0.04 0.1 0.2 0.4 1 >, 2
------------------------------------------------
P 1.160 0.977 0.788 0.554 0.403 0.290 0.214 0.200
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P(P)= -0.288(0.577+lnp3), P<,.01.
Ionization rate into continuum is [21] -

2 ~~~324 j/

V i= 6210 8 (33x{ Jx~i -~2
1  ) N~j e). (R/2 8)

TT

e

Ionization rate into cvasycontinuum is [22]

V=3x0- 3 exp(-P i)S,

V= 3.2x10- 1 5 (3.31x1O-22 N /T 3/2 )SiCl. e e

00 .3 1/2

Pl-i:tcicrizatio rate i~ L211 1 -

B e= 5.2x10 14Z 'epp)1p) (30)
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EXCIMER XeCl LASER WITH NARROWBAND OUTPUT SPECTRUM

V.B.Karpov, I.N.Knyazev, V.V.Korobkin, A.M.Prokhorov
Institute of General Physics, USSR Academy of Sciences

Vavilov st 38 Moscow USSR 117942

Summary

Simple interferometric resonator is used in eCl excimer laser in order
to achieve a narrowband lasing with Av - 0.003 cm- at pulse energy 50 pJ and
pulse duration (FWHM) 10 ns. Two stage XeCl amplifier with SBS heptane phase
conjugation mirror was used. Output energy of 15 mJ was obtained in narrowband
diffraction limited laser beam.

'in achieve narrowband excimer laser output the grazing incidence
diffraction gratings are ordinarily used . Comparatively low laser pulse
energy 5-10 J are usually obtained at laser spectrum width AV - 0.15 cm due
to high optical losses of the gratings in resonator. In the present work a
low-loss interferometric spectral select ive resonator provides XeCl
(7 = 308 nm) lasing linewidth Av - 0.003 cm at pulse energy 50 p.J. This
narrowband system was employed as a master oscillator for two-stage XeCl
amplif'e, with Stimulated Brillouin Scattering (SBS) phase conjugation
mirror- . quartz

Experimental set up is shown at Fig.1. Interferometrfd6Vselector with
four plane parallel uncoated surfaces serves as an output spectral
selective mirror . Additional laser spectrum narrowing is created by tilte
Fabry-Perot etalon. intracavity'

Fabry-Perot interferometers with various free spectral intervals (FSI)
and finesses (F) were used for linewidth measirements. A brr.1bandi lPsing , f
nonsele~tive regime was an--iyzed wiLi t1i 1.3 mm air-ipae FP-inttrferometer
(17 cm FSi, F = 10). A fine sp~ctral measurements were carried out with the
1.0 cm _4uartz etalon (0.33 cm FSI, F = 10, instrumental function FWHM
0.03 cm ). Laser pulse shape was registered by the fast photodiode with
risetime 0.3 ns and 5 GHz oscilloscope. This corresponds to the maximum
optical spectral interval 0.03 cm in the Fourier transform spectrum.

By choosing the proper tilt angle of the intracavity etalon the
narrowband one-component spectrum laser output was observed (Fig.2c). The
total registered spectral width does not exceed essentially the instrumental
one of the FP-etalon. As it followed from the Fourier transform of laser pulse
oscillogram (Fig.3) there _y#e no components with comparable intensity in the
spectral interval 0.003 om + 0.03 cm o. the laser spectrum. Thus the laser
linewidth observed is about V - 0.003 cm . Oscillator pulse energy measured
by joulemeter was about 50 jIJ. Oscillator beam divergence derived from the far
intensity profile at L = 12 m (see Fig.4) was Q < 2XDL. fiel/

Note for comparison laser parameters for two other experimental schemes.
For nonselective resonator (AL-oated rear mirror and R - 8 % quartz window)
the used ELI-91 model ecxiler laser produced optical pulse energy 50 mJ at
spectral linewidth 15 cm (Fig.2a) and divergency 5 + 10 mrad. For
coatingless selective resonator (Fig.1, upper dotted pa't) optical pulse
energy 60 IJ was obtained at spectral linewidth 0.8 cm (Fig.2b). Laser
parameters of selective (with tilted etalon) and nonselective (Fig.2a) regimes
are shown in Table 1.

SBS phase conjugation was investigated by using optial scheme Fig.5. The
oscillator laser beam was directed through the 6.5 telescope at small
angle into the same gas discharge volume of the ELI-91 XeCi-.aser. The output
radiation had puJe energy 0.3 mJ at divergence 1.5,10 rad (FWHM) and
aperture 7 x 10 mm . This radiation was directed to the second stage four-pass
amplifier. After second pass laser radiation was focused into the cell with
liquid heptane and strong stimulated Brillouin scattering was obtained.
Reflection coefficient of the aS phase conjugate mirror was about 20% at
laser power density - 100 GW/cm . Reflected phase conjugated radiation after
amplification on the back _ay in the second stage amplifier had pulse energy
15 mJ and divergence 4.10 rad (FWHI). In some experiments with our optical
scheme we observed specific distortion of the output laser beam, which we
attribute to the self influence of crossed laser beams in the active medium of
excimer laser.

Authors are expressed gratitude to A.K.Naboichenko for assistance in
assembling the experimental set up.
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TABL 1

regime nonselective selective

pump UV-preionised self-sustained discharge

active volume 0.8 x 2 x 40 cm
3

wavelength 308 nm

gas mixture HCl (4 torr): Xe (40 torr): He(2.5 atm)

spectral linewidth 15 cm-1  3.10 -3 CmI

laser beam divergence (5 + 10)-10 - 3 rad 6.10 - 4 rad

laser pulse duration (FWHM) 20 ns 10 ns

laser pulse energy 50 mJ 50 pJ

laser beam cross section 10 x 20 mm2  q 1.6 mm
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326



'i 7 CM-

6

K- 033 M1

0.035 CM- 1

FIG.2. LASER SPECTRA INTERFEROGRAMS. C INTENSITY VS WAVENUBER)
A - NONSELECTIVE RESONATOR, B - COATINGLESS SELECTIVE

RESONATOR, C - INTERFEROMETRIC SELECTIVE RESONATOR

327



FIG.3. LASER PULSE OSCILLOGRAM
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FIG.4. FAR FIELD LASER INTENSITY PROFILE L = 12 M.
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VOLUME SELF-SUSTAINED DISCHARGE STABILITY IN GAS LASERS.

V.V.Apollonov, G.G.Baitsur, A.V.Ermachenko, K.N.Firsov, S.K.Semenov

General Physics Institute Academy of Sciences , Moscow , USSR

Abstract
Pulsed C02 and NzO lasers are the most powerful infrared source of

coherent radiation. Volume self sustained discharge (VSD) is the simplestand
conventient method of their pumping. But the main problem of such lasers
construction is just the VSD obtaining. The results of experimental
investigation of the VSD contraction basic mechanisms in C02 and N20 gas
mixtures and of the low ionized additives influence on the VSD stability are
presented in their paper.

Experimental arrangement

The spark channel growth dynamics and metastable A 3 Z Nz population
dynamics were controlled in the experiment. Multiframe photoregis ration3 of
VSD plasma and inter resonator laser spectroscopy in the range of A Zu -B fg
Nz transitions were carried out. The electrical scheme of discharge
arrangement is presented in Fig. l. VSD was formed by our method of
preliminary discharge gap filling by electrons from the cathode source (low
current discharge). The electric scheme allowed us to form current pulses
with approximately constant power. The typical oscillograms of voltage
(V)and current (I) for all gas mixtures and the dependence of the spark
channel length (H) versus the time are presented in Fig.2. The time T
between the current appearing and the beginning of current and Voltage
deviation from their stationary values is the time of glow discharge firing.
After this period of time the length of the spark channel approaches to 1/3
of the discharge gap. Photoregistration shows, that for the typical condi-
tions of laser systems with high active medium volume (nonpolished electrodes
with the rough surface) cathode spots appear on the early stge_ f discharge,
when the electron concentration in the columne is about 10 cm . This isthe
reason for the stability of T value (-10%) from shot to shot, so value T my
be used as the measure of the discharge stability.

C02 -laser

Many authors have noted that in UV pre-ionization systems the discharge
becomes more stable if readily ionizable substances are introduced
into a mixture. This fact was attributed to the increase of an initial
electron concentration due to the photoionization of additives, i.e. it was
related to a particular mechanism of discharge initiation. We have shown that
readily ionizable substance are a contributing factor in maintaining a stable
discharge for much longer time,irrespective of the way in which it is initi-
ated, including the conditions where photoionization is not predominant in
the production of initial electrons. This conclusion draws on the earlier
surmise that stability of a self-sustained discharge in C02-lasers is
limited, to a large extend, by the instability related to stepwise ionisation
of nitrogen and it is increased by introducing readily ionizable additives,
which is due to the slower rate of supply of electron states in view of the
reduced percentage of high-energy electrons in the gas-discharged plasma and,
hence,of the corresponding slowing-down of stepwise ionization.The mechanism
of instability related to stepwise ionization was proposed by Rakhimov et al
of the Moscow University to account for the nonself-sustained discharge
contraction in nitrogen.

To verify this presumption and substantiate the maintainability of a
stable discharge in mixtures containing readily ionizable agents for a time
sufficient to excite large volumes of an active medium, irrespective of the
discharge initiation technique we have undertaken complex investigations of
the mechanisms through which readily ionizable substances affect stability of
a self-sustained discharge, with an initial electron concentration hardly
dependent upon the gas mixture composition.

To establish the discharge stability limits in large-aperture systems,
we were the first to examine contraction of a self-sustained discharge for
electrode separation in excess of 20 cm [1]. Since the rate of growth of the
spark channel is nonlinear dependent on its length, discharge stability does
not increase any longer with an electrode separation and spark channel length
versus time. We have also found out a maximum time of stable discharge to be
10 mksec for a 20-cm electrode separation in atmospheric -pressure mixtures
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typical of C02 lasers, containing 50% molecular gases and readily ionizable
additives with an input energy of 200 J per liter. It follows from this
figure that this value is maximal for systems with apertures larger than 20
cm, too. Straight forward estimates 3indicate that 10 Ps is sufficient to
pump a single discharge unit of 1 m .

The authors were also the first to study a self-sustained discharge in
mixtures of carbon dioxide and nitrogen with argon and water as buffer gases
in the presence of readily ionizable agents. These mixtures are applicable
for COz lasers without imparing their characteristics, as compared to
conventional COz:N2:He systems.

The suggested mechanisms of self-sustained discharge instability in CO
laser active media and of stability impact by readily ionizable substances
have been confirmed by the findings on the spark channel dynamics and by
spectroscopically measured populations of nitrogen electron states in a dis-
charge plasma /2-4/.

Instability induced by stepwise ionization is mainly noted for the
rapidly increasing spark channel in gases, where this effect is pronounced
and expected to show up in the discharge integral characteristics and in the
correlation between a stable discharge time and the electronic level
population on addition of readily ionizable agents and other admixtures to
nitrogen These features are actually observed in experiment. Figure 5 shows
oscillograms of the discharge voltage and current in pure nitrogen and C02
and in their mixtures with a readily ionizable substance- triethylamine.
Addition of triethylamine increases markedly the time of stable discharge,
including the C02 medium, which has nothing to do with variations in the
initial electron concentration under the specified experimental conditions.
In pure nitrogen, the discharge contracts much faster
than it does in pure C02, but the opposite is true when triethylamine is
introduced. This indicates that the channel growth in Na and C02 is
determined by different ionization processes and that in a nitrogen
-triethylamine mixture the ionization is of different nature. Figure 6 plots
the time dependence of the channel length for pure N2 and N2 containing trie-
thylamine. The slowing-down of the spark-channel growth on incorporation of
an additive supports our hypothesis that discharge stability is related to
the effect of readily ionizable substances on the kinetics of gas-discharge
plasmas, rather than to the variations in the initial conditions of its
initiation.

Figure 7 gives time Aegendencies of the population of one of the
vibrational levels of the A Eu metastable state of N2 in plasmas of N2 and
its mixtures. As a matter of fact, the metastable state population is
correlated with the time of a stable discharge. The population in a nitrogen-
triethylamine mixture proved to be lower than the recording threshold of
intracavity spectroscopy. Thus, the above results are not in conflict with
the claim that the most probable mechanism of discharge contraction in
nitrogen and in high-nitrogen mixtures is instability related to stepwise
ionization.

The cause of reduced electronic level population in a gas containing
readily ionizable additives is clearly seen in figure 8. This figure shows
part of the absorpti n spectrum for pure and triethylamine-containing
nitrogen in the band A Eu - B ng recorded for a 100-nsec discharge current
pulse. The sharp drop of absorption corresponding to reduction of level popu-
lation by a factor of twenty or more within 100 nsec cannot be attributed to
collisional deexcitation, even under the assumption of the highest values of
the known rate constants of this process. Consequently, the basic mechanism
responsible for the reduced population of the electron state in a gas
containing readily ionizable agents is depletion of the energy of electrons
as a result of their changed energy distribution function. Accordingly,the
observed prolongation of a stable discharge in COz with added readily
ionizable agents is consistently accounted for by the electron energy loss
and by the resultant slowing down of the rate of dissociative electron
attachment to C02.

Thus,readily ionizable substances help to obtain a stable discharge
capable of exciting large volumes of COa:Na:He gas mixtures,whatever a
discharge initiation technique may be.

The elec ron concentration in our ixperimental conditions was no101112 5m n
10 -10 cm .The total population of N2 A Ed state in this conditions was

two orders of magnitude greater then the value no, but according to simple
evaluations,the part of ionization stream due to stepwise ionisation was less
than 10%. That is why the influence of stepwise ionisation on the instability
development can be attributed only to the increase of channel growth rate due
to large values of nQ in channels head compared with discharge plasma column.
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The results of measurenents of temporal evolution of population Nv=s of v"=3
vibrational level N2 A Zu metastable state are presented in fig.9 : curve 1-
for the maasurements at fixed point for the whole time of channel
development, curve 2- for the measurements of Nv..=a in the channel head
(moving point). The points on curve 1 are correspond to the area over the
head of the channel (1), in the head (2) and in channels body (3). According
to the curves presented, the value of Nv-=s in the head of channel is growing
faster than its body, which can be accounted for the electric field
distortion near the head as the contraction procyss develops. When channel
come to its critigal .lFngth, the evaluated N2 X

4
Eu metastable state total

population is 10 cm with the value n--3" 10 in the channel. According
to qualitative evaluation, at these conditions the stepwise ionisation can
significantly influence the channel growth rate in the glow discharge
contraction process.

N20 - laser
N2O systems are the highest-power devices after CO and CO2 lasers. This

invoked our interest in them and encouraged investigations. However, the
maximum output energies per unit volume and the efficiency of the
electroionization N20 laser recently constructed at the Lebedev Physical
Institute turn to be much higher than those of previously created lasers
pumped by a self-sustained discharge. The authors of the Lebedev Institute
system related this fact to nonoptimal excitation of NzO molecules due to the
high value of the E/P parameters in a self-sustained discharge plasma. At the
same time, we have shown that once the discharge is initiated by techniques
ensuring a hugh homogeneity of an active medium in C02 lasers, their output
characteristics do not virtually differ from those of electrolonization C02
lasers. Employing the above discharge initiation techniques we expected to
improve markedly the efficiency and output energy of lasers pumped by a
self-sustained discharge.

just an in the case of C02 lasers, we have optimized the gas mixture
composition in order to achieve a maximum homogeneity and duration of a
stable discharge, thereby substantiating feasibility of NzO lasers with a
large active medium volume. Optimization was carried out in accordance with
the procedure that we had developed for COz lasers /5/.

To compensate the dissociative electron attachment, we added CO into the
laser active medium. Fig. 10 plots time of a stable discharge T versus rations
of CO and NzO partial pressures, K. For K<6, the time of discharge T
increases with K, provided the pumping power is the same. For K>6, this time
is hardly dependent on K and E/P at the discharge stationar stage goes down
to its minimum value, i.e. the loss of electron via attachment is nearly
completely compensated. For specific pumping powers Q=70mW/1'atm the time of
stable discharge in a mixture N20:CO:He is close to the value T for a
C02:N2:He mixture without addition of readily ionizable substances of the
same composition. This offers an op-.rtunity for creating lasers with active
volumes as large as tens of litc . When the discharge was initiated by
pre-filling the gap with electrons ±n a 10-1 volume (10x10x100 cm ) or by a
weak-current electron beam in a volume of 60-1 (an aperture of 20 cm), it was
stable at tabulated gas mixture compositions and maximum input energies.
Limitations on the operating pressure and contents of molecular components
were imposed by maximum voltages of the pumping sources (144 and 275 kV,
respectively). The oscillograms of the pumping current and emitted laser
pulse are typical of pulsed C02 and NzO lasers. It must be noted, That
addition of low ionized substances to the mixture in the case of NzO laser
practically doesn't increase the discharge stability because the electron
levels of N2 are depopulated by N20.

Lasing in an N20 device too plate simultaneously on four lines P(19),
P(20), P(21) and P(22) of the (00 1-10 0) transition of the N20 molecule with
a maximum on the P(21) line. Simulations laser action was also observed on
the transitions of the C02 and N2O molecules in a four-component mixture.

Fig. 11 compares the relationships of the efficiency (in relative units)
to the pumping energy for N20 and C02 lasers. One can see that the efficiency
drops suddenly with increasing pumping energy in a mixture.

Addition of helium to the mixture contributes to the laser output energy
and efficiency. The results indicate more stringent requirements imposed on
the population of the low-lying laser level in active media of an NzO laser,
compared to C02 lasers.

Table compiles efficiencies, output energies per unit volume, and total
laser output energies for the most effective mixtures in NzO lasers with
active volumes of 10 and 60 1. The observed efficiencies and output energies
per unit volume exceed all the previously known values for NzO lasers pumped
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by a self sustained discharge, while the extracted laser output energy is
higher than any yet reported for N2O lasers.

Thus, we can assert that the modest efficiency of N2O laser pumped by a
self sustained discharge observed earlier, as compared to electroioniza-
tion systems, is the result of an insufficiently uniform excitation of an
active medium, rather than of the high E/P values in a discharge plasma.

In concluding, we wish to note that the suggested principle of obtained
a discharge for pumping gas lasers make it possible to create high-power,
compact, and simple-design pulsed C02 and N2O lasers wits large apertures.
Our experiments have revealed that the suggested approach is applicable to
discharge initiation in any molecular gas without marked loss of electrons
due to attachment or admitting, Just as in the case of NzO lasers, the use of
effective detachers.

LITERATURE

l.V.V.Apollonov, G.G.Baitsur, K.N.Firsov. S.K.Semenov, B.G.Shubin, E.E.
Trefilov, Lett. to Sov.J.of Techn. Phys.,v.14,,p.1662,1988
2. V.V.Apollonov, G.G.Baitsur, K.N. Firsov, A.M. Prokhorov, S.K.Semenov, Sov.J.
Quantum Electron. ,v. 15,p. 553-557,1988
3.V.V.Apollonov, G.G.Baitsur, A.V.Ermachenko, K.N.Firsov, N.A.Raspopov, E.A.
Sviridenkov, S.K.Semenov, Soy. J. Quantum Electron.,v. 16,p.269-271,1989
4.A.V. Ermachenko, K.N. Firsov, V. I. Lozovoi, N.A. Raspopov, S.K. Semenov, Lett.
to Soy. J.of Techn. Phys., v.15, N6,p.7-11,1989
5.V.V.Apollonov, G.G.Baitsur, K.N.Firsov, I.G.Kononov, S.K.Semenov, V.A.Yam-
schikov, Sov. J. Quantum Electron. ,v16, p.130 3 -1305, 1989.

RI R2 A

C3'

Cl C2

R3

R4

Fig. 1 Setup scheme

Irel.

, -

H ,cm

Hcr.:l/3d 2

Hcr. -q-------

4 6 t,mks

Fig.2

333



DISCHARGE STABILITY IN LARGE GAPS
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SHOCK-WAVE-INITIATED STATIONARY DISCHARGE IN PENNING'S MIXTURES OF INERT GASES

AND LASER GENERATION ON ArIlI AND Nell IONSPUMPED BY C02 -LASER OPTICAL

BREAKDOWN.

V.V.Apollonov,S.I.Derzhavin,D.A.Noraevand A.A.Sirotkin

General Physics Institute,

USSR Academy of Sciences

38 Vavilov Street,117942 Moscow,USSR

PART l.Shock-wave-initiated stationary optical discharge in penning mixtures

(He:Xe,He:Ar) formed by C02 -laser radiation electromagnetic field.

Laser oscillation excited by a C02 -laser-produced optical breakdown has

been first achieved on transitions of the Ar,Kr and Xe inert gas

atoms/1,2/.The authors have claimed that active media for mixed-inert-gas

lasers form in the course of expansion of hot plasmas originating from targets

under a focused CO2 -laser radiation. In this case plasmas cool fast as a

result of adiabatic expansion and collisions with the buffer (He)

gas. Inversions are created due to recombination of single-charged ions of an

active gas medium (Ar,Kr,Xe).The authors of /3/ also adhered to a similar

interpretation. No comprehensive investigations,however,have been carried out

to verify the suggested mechanism of active media formation.

It is common knowledge that an optical breakdown in gas in accompanied

by the production of dense plasmas,strong shock waves,ultraviolet and

X-rays,effect of the electromagnetic radiation from the laser.

The role and contribution of each of the above mechanisms can be estimated

only on the basis of systematic and multiple studies of the active media of

these lasers,including a broad range of activities on plasma diagnostics and

laser action.This approach is particularly important for laser systems where

pumping is accomplished with the active medium exposed to the simultaneous

effect of several physical factors.

In this work we have taken a multiple approach to the parameters of the

active media of lasers pumped by an optical breakdown in inert gas mixtures,an

approach permitting clarification of the mechanisms of their

formation. Interferometric and spectroscopic investigations have been made over

wide ranges of pump energy Eppump pulse duration T ,gas pressure P,mixture

proportion of inert gases.

The experimental arrangement is shown in Fig. l.The radiation from a

pumping C02 -laser (K=10.6 mm) with a linear density of energy E=1'2 J/cm was

focused by a cylindrical lens L into a 0.8 mm * 60 mm long strip on an
7_ 8 2aluminum target T.The intensity of radiation was around 107-108 W/cm .The

target was mounted in a vacuum chamber and filled either with pure helium or

with mixtures of inert gases He:Ar or He:Xe in the 1000:1 proportion at a

pressure ranging from 0.2 to 1 atm.

The same figure also gives the pulses from the pumping C02 -laser and from

a 2.03-pm He;Xe laser. It is evident that there are detected two generated
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pulses : one is related to the leading edge of the pump pulse ,while the other

is observed in the afterglow, the inversion developed in the former case cannot

be attributed to the recombination of an expanding plasma.

In our interferometric investigations of active media of mixed-inert-gas

lasers pumped by an optical breakdown we employed three methods:

-double-exposure holografic interferometry;

-nonlinear dispersive interferometry;

-Schlieren method.

It is shown /4/ that optical-breakdown-produced plasmas cannot directly

participate in the formation of active media in the afterglow either,since

they are not able to reach the caustic region of a He: Xe laser by the instant

at which oscillations commence. It is seen in the interferograms /4/ that the

onset of oscillations in the afterglow coincides with the arrival time of the

shock wave.

Using the resonance absorption technique,we have examined the space-time

distributions of excited atoms of the active and buffer gases. It is

established /5/ that ahead of the expanding plasma and the shock wave front

the density of excited atoms N is around 102 ;1013 cm . The arrival of aa
shock wave reduces the density of metastable atoms of the buffer gas,on the

one hand,and increases that of the active gas behind the shock wave front.

As is known,in discharge-excited mixed-inert-gas lasers,population of the

upper laser levels takes place by transmission of excitation from the buffer

gas to the active atoms in the course of plasmochemical reactions. Precisely

these processes determine formation of active media excited by an optical

breakdown in a pre-excited mixture compressed in a shock wave.The high

compression(Na/Ne 3) as well as the heating of the gas in a shock wave will

accelerate plasmochemical reactions of the Penning and associative ionization

types.Then,the electron-ion or dissociative recombination leads to population

of the laser levels of active atoms.

Let us consider more closely the mechanisms of exciting atoms ahead of the

shock wave front and effecting population inversion at the leading edge of the

pump pulse from a C02 -laser .

Formation of the laser active media under a cylindrical plasma expansion

assumes nearly cylindrical spatial distributions of the parameters like

density of excited atoms N a ,electron density Ne ,and electron temperature Te'

Figure 2 represents interferograms obtained by double-exposure holografic

interferometry for two times relative to the onset of an optical

breakdown. In Fig. 2a corresponding to & t around 100 nsec we see an expanding

plasma. The other interferogram ( & t about 1 psec) reproduces an

optical-breakdown-produced plasma and a shock wave. In the two cases,the

geometry is close to a cylindrical one.

Yet.during the CO2 -laser pulse,the interferograms display some departure

from cylindrical symmetry.There is a maJor increase in the refraction within

the pump CO2 -laser caustic in the optical-breakdown-produced plasma,in the

shock waveand ahead of the shock wave front. It is noteworthy that refraction

increases both at early stages ofan optical breakdown prior to the formation
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of a shock wave (see Fig. 2a) and during the tail of the C02 -laser pulse in

times exceeding 1.5-2 Psec (see Fig.2b).

Of special concern is the refraction increase ahead of the shock wave

front,since this feature has not been reported in previous publications.

Interferometric studies have revealed that the above-mentioned increase in

refraction ahead of the expanding plasma and shock wave front is primarily due

to the electron component rather than to the redistribution of heavy

species.and is directly related to the CO -laser beam caustic.The electron

density in this region is N eIl 10 .10 cm (see Fig.3).

It is also important that increased refraction before the shock wave front

has been observed only in He:Xe mixtures but not recorded in pure helium. This

is evident from the comparison of the interferograms of Fig.4 obtained in the

same pumping conditions. In other words,the ionization process must proceed in

the presence of admixed substances (in our case Xe or Ar) having a low

ionization potential but not affecting the gas-dynamic processes in

optical-breakdcwn-produced plasmas.

We have examined the space-time distributions of excited He (2 3P2 ),

resonance-excited He (2 IP2 ),and metastable He (2 iS0 ) and Xe (2

atoms.The spatial distributions of excited atoms indicate that excited atoms

of He (2 3 P2 ) are detected only in the caustic region of the CO2 -laser beam

(see Fig.5).

On the pump laser beam axis,the density of He (2 3P2 ) atoms is around

9*101 cm ,while at its fringe it is nearly an order of magnitude lower.The

metastable atoms of He and Xe were initially detected in the caustic region of

the pump laser beam but later on also outside this region (see Fig.5).

Thus,we have experimentally verified the existence of a conspicuous

excitation region ahead of the expanding plasma and shock wave front in the

caustic of the pumping C02 -laser beam.

Moreover,the density of excited atoms is shown to depend upon the duration

of a C02 -laser pulse.For short pumping times (Tp about 150 nsec),the density

of excited atoms increases during the C02 -laser action ,followed by rapid

relaxation when this action is terminated. For T around 1.5 psec,excited atomsP
build up under the effect of a low-intensity tail of the C02 -laser radiation

until the arrival of a shock wave (see Fig.6).

Numerical estimates suggest that neither the high density of excited atoms

(N about 1012 1013 cm-3 ) measured in this work nor the nature of the time

dependence Na (t) in our experiments can be explained by the excitation through

photoionization of a medium or diffusion of resonance emission from

optical-breakdown-produced plasmas.

The observed ionization region seems to be related to the absorption of

the C02 -laser radiation in a pre-ionized gas.As will be recalled, electrons

found in the electromagnetic wave field gradually acquire energy - through

their collisions with atoms,which amounts to values sufficient for atom

excitation and ionization.

Once electron multiplication under an intense light radiation proceeds at

a much faster rate than their loss,the result is cumulative ionization. If the
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numbers of produced and lost electrons due to elastic and inelastic

collisions,diffusion,

attachment,recombination,etc.are comparable,we deal with the so called
.stationary" breakdown.This case includes breakdown in gases initiated by a DC

field,microwave fields as well as by 10.6 m C02 -laser pulses,i.e. the exposure

to the field exceeds 10-7-10-  sec. It must be mentioned that there exists a

mechanism by which inelastic-collision losses lead to electron

multiplication. We mean the Penning effect.

The processes involved in the development of a stationary discharge are

sketched in Fig. 7. The initial peak of the pulse of the C02 -laser radiation

focused into a strip on a target in a mixture of inert gases produces a dense

plasma (region I in Fig. 7a).As the medium is affected by ultraviolet rays and

fast electrons from the optical-breakdown-produced plasma,it becomes

surrounded by a photoionization region (region II in Fig.7a) and an initial

distribution of the electron density establishes itself.The energy of these

electrons increases in the C02 -laser radiation fieldthereby causing

excitation and ionization of atoms.But the laser radiation intensity is not

sufficient to give rise to cumulative ionization. The ionization maximizes near

the plasma and decays with increasing distance therefrom (Fig.7a).This is due

to the fact that the initial electron distribution is dependent on absorption

of ultraviolet rays in a gas.So,in front of a plasma,along the C02 -laser beam

caustic,there must be a conspicuous region containing excited atoms of an

active and buffer gases.

Subsequent to the formation and separation of the shock wavethe pattern

is changed and the gas goes from the region of the optical-breakdown-produced

plasma over to the shock wave front (see Fig.3).When the pre-excited mixture

of inert gases is compressed,the electron density behind the shock wave front

jumps through Penning-type plasmochemical reactions.The fairly high (Ne around

5*1016 cm- 3 ) electron density maintains the discharge that develops both ahead

(region III in Fig.7b) and behind (region II in Fig.7b) the shock wave

front.This latter circumstance is related to the C02 -laser radiation

traversing the shock wave. It is remarkable in this case that an optical

-breakdown-produced plasma is no longer able to initiate a discharge ahead of

itself as it did in the initial stage (Fig.2a).This happens because the gas is

forced out from the region concerned,its density falls,collisions become less

frequent and,hence,electrons acquire their energy at a slower rate.Precisely

this situation shows up in the examination of the interferograms.

We should like to note that in our experimental conditions the ionization

events are comparable with the electron losses.That is why the ionization

region was observed only in He:Xe mixtures,where inelastic collisions invite

electron multiplication via the Penning process rather than electron

losses.This mechanism must work both in the initial period of a discharge and

after a shock wave has been formed and separated.

An examination of the experimental data has led us to conclude that active

media of lasers pumped by an optical breakdown in inert-gas mixtures form

under the combined effect of the C02 -laser radiation electromagnetic
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field,shock wave,and ultraviolet rays from optical-breakdown-produced plasmas.

Inversions at the leading edge of the pump pulse are obtained by

electron-collision excitation. Initial electrons are produced by

photoionization a medium with the ultraviolet ray from an optical-breakdown

plasma. Then they acquire energy in the electromagnetic field of the C02 -laser

radiation. It is evident from Fig.8 that the ionization and excitation region

coincides with the lasing region and is directly related to the caustic of the

pumping C02 -laser beam.

According to estimates,at a radiation density of about 108 W/cm 2 within 20

nsec (the start oscillation time) an ilectron may acquire an energy up to 100

eV.

As the pumping time is increased by including the tail of a C02 -laser

pulse,excited atoms build up ahead of the shock wave front.Subsequent

compression in the shock wave accelerates plasmochemical reactions and creates

conditions for the formation of an active medium for the second pulse of

generation.

The suggested mechanism of formation of active media in lasers pumped by

an optical breakdown in a mixture of inert gases accounts for the experimental

results obtained in this work as well as for the findings of other research

groups.

PART 2. Laser generation on ArII Nell ionspumped by C02 -laser optical

breakdown.

One of the most promising directions in the development of short

wavelength lasers is connected with using optical breakdown (OB) and laser

produced plasmas (LPP).Hot plasmas formation is accompanied by a power pulse

of UV and soft-x-ray radiation,which is applicable for laser active medium

(AM) photopumping.The generation,pumped by soft-x-ray radiation from LPP was

investigated on a wide scale by W.T.Silfvast,S.E .Harris and other scientists.

This method permits to obtain generation in visible,UV and VUV spectral

regions. For example,on transition of ArII ion (4p 2 P3/2--4s 2P1/2) the

generation with wavelength X=4765 A was obtained /6/.The Nd-laser with 25 mJ

pulse energy and 70 psec pulse duration was used for OB plasmas formation. The

comparison of efficiency of C02 -laser and Nd-laser in the reception of

soft-X-ray radiation from LPP was made by Silfvast and his collaborators

/7/.The spectrum of OB plasmas radiation was approximated by black body one. It

was shown that for the laser intensities up to 1012 W/cm 2 the temperature of

this black body (T) depended on the intensity (I) and laser wavelength (X) as

follows: T - (IX2 )4 /9  The

conclusion was drawn that in this intensity region long wavelength lasers are

more effective for soft--X-ray flux production.

The aim of present work is the reception of th: generation on

transitions in noble gas ions with photopumping by soft-X-ray radiation from

laser plasmas,which is produced by focusing the radiation of powerful

C02 -laser at the surface of a target.
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The experimental scheme is shown in Fig.9.The radiation of C02 -laser with

10 J pulse energy (Fig. lOa) was directed in the camera filled with some torrs

of Ar or Ne. It was focused by a system of lenses on a target. The spots at

the target were adjusted in line with a distance of 15 mm to one another. It

is known that OB plasmas radiation depends on the target material and

shifts to short wavelengths with increasing the atomic number of it /8/.

Tantalum strip was used as a target. The luminescence of ArII and NeII spectral

lines was observed along the plasma torches.

Using adequate mirrors at the gas pressure p-5 torr and distance between

the target and active region L - 5 mm, the generation was obtained on theo2P/_4 2P wihwvlnghX4
transitions in ArII 4pP -- D with wavelength X=4765 A; 4p
2 2 P/2/ /2

3/2--4s /2 X 4545 A; 4p" P3/ 2 --4s" 5/2 X= 4278 A.Th," laser generation

was obtained also on the transitions in NeII between the levels with the same

electron configurations : 3p" 2 "P3 .3 with X= 3345 Z and 3p
2P3/2 with X=3324 A.The generation pulses of ArII or NeII lasers are shown in
Fig. lOb. The generation pulse arises in 10-20 nsec after OB formation at the

front of C02 -laser radiation.Without mirrors the typical shape of

oscillogramms of ArI lines luminescence are shown in Fig. 1Oc.One can see two

strongly pronounced peaks.The first coincides in time with the generation

pulse (Fig. lOb).The dependence of the time delay between second luminescence

peak and the front of C02 -laser pulse VS working gas pressure is presented

in Fig. ll.The increase of the delay when the pressure decreases allows to say
tthe secondpeak arises due to electron relaxation on the level 4p 2P3/2that tescn ekaie u oeeto eaaino h ee pP 1

(p 23/2 from upper levels.Therefore the first luminescence peak is

connected with a direct excitation of this level.The dependence of

luminescence of ArII ions lines on pressure is shown in Fig. 12.The maximum

luminescence was found to place at 3 torn. Analogous dependence was received

for the intensity of ArI and Nell laser generation.

Besides the proposed in /6/ the photopumping mechanism of working levels,

the AM excitation can be caused by the electrons accelerated in the

electromagnetic field of C02 -laser radiation /9/ as well as by fast electrons

from LPP.The electrons due to medium ionization by soft-X-ray flux swing in

the E-M field of C02-laser radiation and can acquire the energy sufficient for

the AM atoms and ions excitation. According to estimations in this case the

concentration of exited ions ArTI in the caustic of incident radiation mast be

larger than outside one.The spatial distribution of the intensity of

luminescence lines vs H (H-the distance in the direction perpendicular to the

propagation of C02 -laser radiation,Fig.9) is shown in Fig. 13.Smooth course of

the slope (Fig. 13) and the absence of intensity splash for H=O mm excludes the

possibility of ionization and excitation of ArI (NeII) ions due to electrons

swinging in C02 -laser radiation field.

To investigate the role of the rapid electrons from laser plasmas the

experiments,in which the detaining electrical field was appliedwere carried

out. The excitation energy of upper laser levels of ArII and Nell are in the

region of 40-50 eV.The potential different between the target and screen

(Fig.9) has been variable in the region 0-400 eV,that has permitted to stop
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the electrons that could make the mainly contribution in the excitation of

investigated levels.The experiments shown that even on the generation

threshold the applied field has no influence on the generation value.At the

same time the assumption that the ionization and excitation of Ar (Ne) is

accomplished due to soft-X-ray flux from LPP is in a good agreement with

Fig. 14.The distribution of intensity of NeII (ArlI) lasers generation vs angle

a with respect to the target's normal (Fig. 14) is also in a good agreement

with the fact that soft-X-ray flux from LPP expands in a 90 0 angle cone /10/.

For the first time by means of pumping mode the generation on the

transitions in ArTI in visible X=4545 A ; 4278 A and NeIl in UV Xz-3345 A; 3324

A.The obtained results creates the experimental base to the expansion in the

more short wavelength spectral region.
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Abstract

The activity of Pt/Sn02-based CO-oxidation catalysts has been maximized by optimizing
pretreatment conditions and catalyst formulation. The role of H20 in activating these
catalysts and of C02 retention is deactivating them has been determined as has the
interaction of these catalysts with rare-isotope C180 and 1 02.

Introduction

Pulsed C02 lasers have several potential remote-sensing applications, both military and
non-military, which require long-life operation with high conversion-efficiency and good
power-stability. Two problems are potentially associated with such applications.

One problem is that the electrical discharge normally used to excite pulsed C02 lasers
generally decomposes some of the C02:

Elec.
Disch.

C02 m CO + 1/2 02

This decomposition is harmful to long-life laser operation both because of the loss of CO2
and because of the buildup of 02. The loss of C02 results in a corresponding gradual loss
of laser power. The buildup of even relatively small concentrations of 02 molecules can
cause rapid power loss and even complete laser failure. Although C02 lasers differ
somewhat in their tolerance of 02, it is generally desirable to keep the 02 concentration
below a few tenths of 1 mole-percent. CO has no significant deleterious affect on laser
performance at moderate concentrations.

The second problem is the fact that the atmosphere contains a significant
concerl-ation, about 300 ppm, of common-isotope C02 (12 C16 02 ). If common-isotope C02 is
used 1 a C02 laser intended for atmospheric transmission, the emission frequencies
available to the laser will correspond to the absorption frequencies of the atmospheric
C02 and poor transmission will result.

The solutions to these two problems are: (1) continuously remove O ag it is frmed
and replenish CO2 and (2) use some form of rare-isotope C02 (such as 1 CB02, 13C1b0 2 , or
13cl02) in lasers intended for applications involving atmospheric transmission so that
the emission freguencies of such lasers will differ from the absorption frequencies of
atmospheric 12 C160 2 .

Removal of 02 and replenishment of C02 can be achieved in certain applications simply
by operating the laser open-cycle with a continuous flow-through of fresh laser-gas and
the consequent removal of dissociation products. However, for space-based applications or
other applications involving weight and/or volume constraints, the amount of gas required
for open-cycle operation would be unacceptable and, instead, closed-cycle laser operation
with recycling of the laser gases would be imperative. Closed-cycle operation would also
be highly desirable for any applications where rare-isotope CO2 is used for enhanced
atmospheric transmission because of the expense of the large volumes of rare-isotope gas
which would be required for flow-through operation.

347



Achievement of closed-cycle operation of pulsed CO2 lasers requires catalytic
recombination of the decomposition products, CO and 02, to regenerate C02.

Cat.
CO + 1/2 02  C02

Candidate catalysts must have high efficiency at steady-state laser conditions which are,
generally, 25°C to 100°C and about one atmosphere of total pressure with low
partial-pressures of CO and 02. Some excess CO may be added to the laser-gas mixture but
generally it is not. It is desirable that little or no heating of the catalyst be
required in order to minimize power consumption.

The catalytic oxidation of CO to C02 has been extensively studied at various conditions
for a number of catalysts. These include the noble metals and various metal oxides1 ,2

and the commercial catalyst, Hopcalite 3 , which is a mixture of CuO and MnO 2 plus small
quantities of other oxides. However, few catalysts have sufficiently high activity to
allow operation at the low steady-state temperatures and low oxygen partial pressures
characteristic of typical pulsed C02 lasers.

The most promising catalysts studied to date, whose performance has been verified by
actual closed-cycle laser operation, consist of Pt and/or Pd on tin (IV) oxide4, 5 . A
systemmatic study of (Pt, Pd)/SnO2 catalysts for use with closed-cycle pulsed C02 lasers,
including the oreparation and testing of improved catalyst formations, has been in
progress at the Langley Research Center of NASA (LaRC) for the past several years5-1 6 .
This study has been expanded by joint research with investigators at Old Dominion
University, the University of Florida the University of California, San Diego, and
Science and Technology Corporation I , 5-11, 13, 15-21.

Test Facilities

Catalyst r,;search at LaRC is carried out both in laboratory reactors and in a
commercial CO TEA laser.

Laboratory Re-.ctors

Laboratory reactors are used for catalyst study under controlled conditions. Several
laboratory ruactors are presently operational, most of which are flow-through (plug-flow)
reactors. In these reactors a test-gas mixture flows through a reactor tube containing a
catalyst sample which is situated in a temperature-controlled oven. The gas which enters
and exits tht reactor tube is quantitatively analyzed with either a gas chromatograph (GC)
or mass spect-ometer (MS) and from this analysis the amount of CO and 02 converted to C02
by the cataly3t sample is determined. For many tests the test-gas mixtures used are
purchased prrfixed in a high-purity He carrier, typically 1.00 percent CO and 0.50 percent
02 plus 2.00 percent Ne (as an internal calibration standard for gas analysis). For some
tests the gas mixtures are blended in the laboratory using high-purity component gases and
calibrated f )w controllers.

All except one of the reactors are used with common-isotope gases and use GC's for gas
analysis. Tnse GC's are fully automated so that tests with common-isotope gases can be
conducted in 'he flow-through reactors continuously around-the-clock. One flow-through
reactor is uF .d with rare-isotope gases and uses an MS for gas analysis.

Studies pe. formed in the flow-thr-ough reactors are (1) parametric studies to determine
the effect of such parameters as catalyst mass, temperature, reactor residence-time,
pretreatment conditions, etc., on the performance of a given catalyst material, (2)
comparison of different catalyst compositiori (such as Pt/Sn02, Pd/Sn0 2 , and Pt + Pd/SnO2)
and concentrations to determine the optimum catalyst formulation, (3) long-term
performance tests (using an automated-GC reactor) to determine how a catalyst performs
with long-term exposure to the test gases, and (4) isotopic studies (using the MS reactor)
to determine the interaction of a given catalyst with rare-isotope gases.

348



A recirculating and a pulsed reactor are also available. In the recirculating reactor
a gas mixture is continuously recirculated through a temperature-controlled reactor tube
containing a sample of catalyst, and the conversion of CO and 02 to CO 2 is monitored as a
function of time. Gas analysis is performed with a GC. This reactor is used to study the
kinetics and mechanism of catalysis for selected catalyst compositions.

With the pulsed reactor, the single-gas or gas-mixture to be studied (in a He carrier)
is exposed to the catalyst sample in a series of discrete pulses. The pulses are spaced
in time such that the gas exiting the reactor after each pulse can be analyzed by GC. The
cumulative gain or loss of each species as a function of time can thus be more finely
resolved than with the continuous flow-through and recirculating reactors. The pulsed
reactor is used for both reaction and chemisorption studies.

Laser Reactor

A Lumonics m;odel TEA-820 pulsed CO 2 laser (7 Watt, 1-50 pulses/second) is available for
catalyst testing under actual laser operating conditions. The laser is operated
closed-cycle with an external catalyst bed (in a temperature-controlled oven) and the
results are compared with the open-cycle performance of the laser at the same flow rate.
It is intended that ultimately the laser will be operated with no heating of the catalyst
other than by the laser gas. Gas analysis is performed with a GC in current
common-isotope tests. An MS will be used when the laser is operated with rare-isotope
C02.

Results

The following results have been obtained in studies performed to date.

Common-Isotope Laboratory Studies

(1) Pt on Sn02 (Pt/Sn02) has significantly higher catalytic activity for CO oxidation than
either Pt or SnO2 alone. The effect is clearly synergistic and apparently involves
separate but complementary roles for the Pt and Sn02 phases.

(2) The efficiency of Pt/SnO2-catalyzed oxidation of CO to C02 is approximately
proportional to catalyst mass until complete conversion is achieved .

(3) The catalyst mass required to achieve complete oxidation of a given concentration of
CO is roughly proportional to the flow rate of the gas through the catalyst7 . This
makes possible the extrapolation of results obtained with laboratory reactors to CO2
lasers.

(4) A technique for achieving much higher Pt loadings than are commercially available has
been developed at NASA-LaRC 19. Platinum loadings as high as 46 percent have been
achieved.

(5) The activity for CO oxidation of Pt/SnO2 catalysts increases with Pt loading until a
maximum activity is reached at about 17 percent Pt 4 . Since Pt loadings between 11
percent and 17 percent and between 17 percent and 24 percent were not tested, the precise
optimum loading is somewhat uncertain but it is believed to lie in the range of 15 to
20 percent.

(6) Bimetalic catalysts consisting of Pt and Pd on SnO2 have a higher activity than
catalysts with the same total loading of either metal alone. The optimum Pd loading for
maximum catalyst activity is about 5 percent 2 2 .

(7) A reductive pretreatment enhances the activity of Pt/Sn02 catalyts relative to no
pretreatment or to pretreatment with 02 or an inert gas 15 . Pretreatment consists of a
flow of the pretreatment gas (in a helium carrier, for safety and convenience) over the
catalyst sample at an elevated temperature prior to exposure of the catalyst to the
reaction gas mixture at the selected reaction temperature. Both CO and H2 are suitable
gases for reductive pretreatment 15 ; in this study they were used at a concentration of
5 percent in He.
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(8) The temperature at which a Pt/SnO 2 catalyst is pretreated can affect its subsequent
activity 1 5 . Pretreatment tewptrdLurea uf 15°C, 175C, ard 225*C resulted i.i equ-l
catalytic activity, for the catalyst tested, but pretreatment at 1000C yielded somewhat
lower activity.

(9) Duration of the pretreatment also affects subsequent catalyst activity
1 5 . Catalyst

activity after a 20-hour CO pretreatment was found tn -f !-ie- tan afte' a 1-hour
pretreatment. Too short a pretreatment also diminishes catalyst activity. For optimum
results the effluent gases from the pretreatment should be analyzed and the pretreatment
terminated when no significant yield of oxidation product (C02 or H20) is detected.

(10) Pretreatment of a Pt/SnO2 catalyst sample at elevated temperatures--above about
125°C--results in an initial dip in catalyst activity before the steady-state activity is
achieved for studies in the flow-through reactors1 5 . No dip occurs if the catalyst is
pretreated at lower temperatures. If the catalyst is exposed to moisture following
pretreatment but prior to exposure to the reaction gas mixture, or if the reaction gas
mixture is humidified, no dip occurs 15 .

(11) In many cases moisture not only eliminates the initial dip in catalyst activity, it
also enhances the activity of the catalyst 15 .

(12) A Pt/Sn02 catalyst supported on silica ge' has been developed at NASA LaRC 16 . The
hydrous silica gel supplies H2 0 to the catalyst with minimal humidification of the laser
gas.

(13) No initial dip in catalyst activity has been observed in flow-through reactor studies
when the Pt loading exceeded 24 percent even at pretreatment temperatures of 225°C. No
dip has been observed in studies in the recirculating reactor at any Pt loading or
pretreatment temperature.

(14) The activities of Pt/SnO2 catalysts exhibit some decay with time. Initial activity
can be readily restored by outgassing the catalyst either by heating it or by exposing it
to an inert gas for about 2 hours. In either case, restoration of activity has been found
to be associated with outgassing of C02 from the catalyst but decay in activity occurs
again when CO oxidation is resumed.

(15) The yield of C02 for a given catalyst sample and set of reaction conditions is
increased by addition of 02 to a stoichiometric mixture of CO and 02 and decreased by
addition of CO to such a mixture2 2 . The reaction has been found to be first order with
respect to 02 concentration. Determination of the reaction order with respect to CO
concentration is currently in progress. The true rate equation appears to be somewhat
complex.

Rare-Isotope Catalyst Studies

(1) Reacti n of C18 0 and 1802 on a common-isotope Pt/Sn602 catalyst yields about 85
pegcegt C1002 and 15 percent C18 01 6 01 0. This concentration of the mixed-isotope species
C1 0010 is unacceptable.

(2) A technique has been developed for jodifying the surface of commgn-isotope Pt/Sn0 2 so
that all reactive surface oxygens are 10010. Reaction of CIo and 1 02 over this
modified catalyst yielded only C18 02, within experimental error, in a test of 17 days 2 3 .

(3) Rare-isotope studies have indicated that some sort of carbonate or biocarbonate

species is formed when CO is oxidized on Pt/Sn02 catalysts I0 .

Laser Studies

(1) The Lumonics Model TEA-820 laser has been operated closed-cycle with a catalyst bed of
150 g of 2 percent Pt/Sn02 at 100°C 5 , . The laser ac ieved 96.5 percent (± 3.5 percent)
of steady-state open-cycle power for 28 hours (1 x 100 pulses at 10 pulses/second). Both
the laser and catalyst were fully operational at the conclusion of the test. Additional
laser tests are in progress.
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(2) Herz and coworkers at the University of California, San Diego, 2 1 have developed a
computer program hich can be used to design catalyst monoliths for specific laser
applications. The critical information a user needs to supply is the first-order-overall
rate constant and activation energy for the catalyst formulation of interest. After the
user supplies other information such as gas composition, gas flow rate and monolith
dimensions, the program computes the conversion of oxygen and pressure drop as a function
of monolith length. By varying input parameters, the user can investigate various design
alternatives. One conclusion of a design study performed with the program is that
standard off-the-shelf monoliths are not optimal for use in 002 laser applications. This
is because standard monoliths have been designed for combustion or emission control
applications where reactions occur very fast at high temperature and high gas flow-rates.
Gas flow-rates in lasers are relatively low and reactions occur at low temperatures and
thus, are relatively slow. Monoliths optimized fo' laser applications to provide for
minimin monolith size will have thicker layers of active catalyst mterial than monoliths
used for combustion and emission control. The computer program is available through
NASA's COSMIC office.

Surface Characterization Studies

Extensive surface characterization studies have been performed by Hoflund and coworkers
at the University of Florida. These studies utilized an ultrahigh vacuum system
containing multiple surface techniques including ion scattering spectroscopy (ISS),
electron spectroscopy for chemical analysis (ESCA), Auger electron spectroscopy (AES), and
electron stimulated desorption (ESD) with pretreatment capabilities at elevated pressures
and temperatures. Results have been presented in references 17-20.

Especially noteworthy is the observation that a Pt/Sn alloy with surface hydroxyl
groups is formed when Pt/SnO2 is reductively pretreated at conditions discussed herein.
Both the alloy and the surface hydroxyls are believed to contribute to the observed
catalytic activity.

Concluding Remarks

Noble-metal/tin-oxide based catalysts such as Pt/SnO2 have been shown to be good
catalysts for the efficient oxidation of 00 at or near room temperature. They are the
most promising catalysts for use in closed-cycle pulsed 002 lasers whose performance has
actually been verified by tests in such lasers. The catalysts require a reductive
pretreatment and traces of hydrogen or water to exhibit their full activity. Addition of
palladium enhances the activity of these catalysts with about 15 to 20 percent Pt,
5 percent Pd, and the balance SnO2 being an optimum composition. Unfortunately, these
catalysts presently exhibit significant decay due in part to C02 retention, possibly as a
carbonate or bicarbonate. Research on minimizing the decay in activity of these catalysts
is currently in progress. Also in progress is research on other
noble-metal/reducible-oxide (NMRO) catalysts.

References

1. Herz, Richard D.: Chemical Engineering Design for C Oxidation Catalysts.
Closed-Cycle Frequency-Stable 002 Laser Technology, Carmen E. Batten, Irvin M.
Miller, George M. Wood, Jr., and David V. Willetts, Eds., NASA CP-2456,
pp. 103-112, 1987.

2. Fngel, T., and Ertl, G.: Oxidation of Carbon Monoxide. The Chemical Physics of
Solid Surfaces and Heterogeneous Catalysis, P. A. King and D. P. Woodruff,
Eds., pp. 73-93, Elsevier, New York, 1982.

3. Kiang, San: Transient Isotopic Tracing Technique for the Resolution of the Room
Temperature Oxidation of Carbon Monoxide Catalyzed by Commercial Hopcalite
Catalyst. Pd.D. Thesis, Columbia Univeristy, 1978.

4. Stark, D. S.; Crocker, A.; and Steward, G. J.: A Sealed 100 Hz C02 TEA Laser Using
High C02 Concentrations and Ambient-Temperature Catalysts. J. Phys. E. Sci.
Instrum., vol. 16, pp. 158-161, 1983.

351



5. Brown, Kenneth G.; Sidney, B. D.; Schryer, D. R.; Upchurch, B. T.; Miller, I. M.;
Wood, G. M.; Hess, R. V.; Batten, C.; Burney, L. G.; Paulin, P. A.; Hoyt, R.; and
Schryer, J.: Catalytic Recombination of Dissociation Products with Pt/SnO 2 for
Rare and Common Isotope Long-Life, Closed-Cycle 0O2 Lasers. SPIE Proc., vol. 663,
pp. 136-144, 1986.

6. Rogowski, R. S.,; Miller, I. M..; Wood, G. M.; Schryer, D. R.; Hess, R. V.; and
Upchurch, B.T.: Evaluation of Catalyst for Closed-Cycle Operation of High Energy
Pulsed 032 Lasers. SPIE Proc., vol. 415, pp. 112-117, 1983.

7. Miller, I. M.; Wood, G. M. Jr.; Schryer, D. R.; Hess, R. V.; Upchurch, B. T., and
Brown, K. G.: Optimization of the Catalytic Oxidation of CO for Closed-Cycle CO2
Laser Applications. NASA TM-86421, 1985.

8. Sidney, Barry D.; Schryer, David R.; Upchurch, Billy T.; Hess, Robert V.; Wood,
George M.; Miller, Irvin M.; Burney, L. Garland; Brown, Kenneth G.; Van Norman,
John D.; and Schryer, Jacqueline: Research on Catalysts for Long-Life Closed-Cycle
0O2 Laser Operation. SPIE Proc., vol. 783, pp. 162-168, 1987.

9. Schryer, David R.; Sidney, Barry D.; Miller, Irwin M.; Hess, Robert V.; Wood, George
M.; Batten, Carmen E.; Burney, L. Garland; Hoyt, Ronald F.; Paulin, Patricia A.;
Brown, Kenneth G.; Schryer, Jacqueline; and Upchurch, Billy T.: NASA-LaRC Research
on Catalysts for Long-Life Closed-Cycle (0 2 Lasers. Closed-Cycle Frequency-Stable
CO2 Laser Technology, Carmen E. Batten, Irvin M. Miller, George M. Wood, Jr., and
David V. Willetts, Eds., NASA CP-2456, pp. 113-120, 1987.

10. Upchurch, Billy T.; Wood, George M. Jr.; Hess, Robert V.; and Hoyt, Ronald F.: Rare
Isotope Studies Involving Catalytic Oxidation of 09 Over Platinum-Tin Oxide.
Closed-Cycle, Frequency-Stable 002 Laser Technology, Carmen E. Batten, Irvin M.
Miller, George M. Wood, Jr., and David V. Willetts, Eds., NASA CP-2456, pp. 193-
198, 1987.

11. Batten, Carmen E.; Miller, Irvin M.; Paulin, Patricia A.; and Schryer, Jacqueline:
Studies of 00 Oxidation on Pt/Sn0 2 Catalyst in Surrogate 0O2 Laser Facility.
Closed-Cycle, Frequency-Stable O2 Laser Technology, Carmen E. Batten, Irvin M.
Miller, George M. Wood, Jr., and David V. Willetts, Eds, NASA CP-2456, pp. 193-198,
1987.

12. Sidney, Barry D.: Studies of Long-Life Pulsed C2 Laser with Pt/Sn0 2 Catalyst.
Closed-Cycle, Frequency-Stable C02 Laser Technology, Carmen E. Batten Irvin M.
Miller, George M. Wod, Jr., and David V. Willetts, Eds., NASA CP-2456, pp.
211-218, 1987.

13. Brown, K. G.; Schryer, J.; Schryer, D. R.; Upchurch, B. T.; Wood, G. M.; Miller, I.
M.; Sidney, B. D.; Batten, C. E.; and Paulin, P. A.: Characterization of Pt/Sn0 2
Catalysts for CO Oxidation. Closed-Cycle, Frequency-Stable 02 Laser Technology,
Carmen E. Batten, Irvin M. Miller, George M. Wood, Jr., and David V. Willetts,
Eds., NASA CP-2456, pp. 219-226, 1987.

14. Hess, R. V.; Buoncristiani, A. M.; Brockman, P.; Bair, C. H.; Schryer, D. R.;
Upchurch, B. T.; and Wood, G. M.: Recent Advances in Efficient Long-Life, Eye-Safe
Solid-State and CO2 Lasers for Laser Radar Applications. SPIE Proc., vol. 999,
pp. 2-18, 1989.

15. Schryer, David R.; Upchurch, Billy T.; Van Norman, John D.; Brown, Kenneth G.;
Schryer, Jacqueline; and Sidney, Barry D.: Enhancement of the Activity of Pt/Sn0 2
Catalysts for 02 Lasers by Optimizing Their Pretreatment. Low-Temperature
Co-Oxidation Catalysts for Long-Life C02 Lasers, NASA Conference Publication, 1990.

16. Upchurch, Billy T.; Schryer, David R.; Wood, George M.; and Hess, Robert V.:
Development of 9) Oxidation Catalysts for the Laser Atmospheric Wind Sounder
(LAWS). SPIE Proc., Vol. 1062, 1989.

352



17. Hoflund, Gar B.; Grogan, Austin L., Jr.; Asbury, Douglas A.; and Schryer, David R.:
A Characterization Study of a Hydroxylated Polycrystalline Tin Oxide Surface. Thin
Solid Films, vol. 169, pp. 69-77, 1989.

18. Gardner, Steven D.; Hoflund Gar B.; Davidson, Mark R.; and Schryer, David R.:
Evidence of Alloy Formation During Reduction of Platinized Tin Oxide Surfaces. J.
Catalysis, vol. 115, pp. 132-137, 1989.

19. Gardner, Steven D.; Hoflund, Gar B.; and Schryer, David R.: Surface Characterization
Study of the Reduction of an Air-Exposed Pt3Sn Alloy: Part IV. J. Catalysis (in
press).

20. Gardner, Steven D.; Hoflund, Gar B.; Schryer, David R.; and Upchurch, Billy T.:
Platinized Tin Oxide Catalysts for CO2 Lasers: Effects of Pretreatment. SPIE
Proc., vol. 1062, pp. 21-28, 1989.

21. Herz, R. K.; Guinn, K.; Goldblum, S.; and Noskowski, E.: Design of Catalytic
Monoliths for Closed-Cycle Carbon Dioxide Lasers. Final Report for NASA Contract
NAG-1-823, Univ. of Califiornia, San Diego, 1989.

22. Upchurch, Billy T.; Brown, David R.; Miller, Irvin M., and Schryer, David R.:
LaRC-Developed Catalysts for CO 2 Lasers. Low-Temperature Cf-Oxidation Catalysts
for Long-Life C)2 Lasers, David R. Schryer and Gar B. Hoflund, Fds., NASA
Conference Publication, 1990.

23. Upchurch, Billy T.; Miller, Irvin M.; Brown, David R.; Wood, George M., Jr.; Schryer,
David R.; and Hess, Robert V.: Rare-Isotope and Kinetic Studies of Pt/Sn0 2
Catalysts. Low-Temperature CO-Oxidation Catalysts for Long-Life 0O2 Lasers. David
R. Schryer and Gar B. Hoflund, Eds., NASA Conference Publication, 1990.

353



DEVELOPMENT OF A 100-W COPPER VAPOR LASER

H. Sugawara! M. Yamaguchi, A. Wada**T.Shirakura,* N. Tokunaga,*H. Yamamoto**
Hitachi Works, Hitachi, Ltd., 1-1-1 Saiwai-cho, Hitachi-shi, Ibaragi-ken, 317, Japan

** Hitachi Research Laboratory, Hitachi, Ltd., 4026 Kuji-machi, Hitachi-shi, 319-12, Japan
*** Nuclear Power Generation Division, Hitachi, Ltd., 4-6, Kanda-Surugadai, Chiyodaku, Tokyo,

101, Japan

Abstract

This paper describes a development of a large bore copper vapor laser, with the bore
diameter of 80 mm and the electric discharge length of 1570 mm, and its features. It is said
that in general, some limitation exists in enlarging the bore of a copper vapor laser to
increase output power, because of causing relatively low power density in the central zone.
However, the large bore copper vapor laser of 80 mm in diameter described in this paper does
not show such a power depression in the central zone, though the laser light emission is
delayed in the central zone. The calculational results on the current distributon in the
discharge tube indicate that the impedance mismatching adversely affected the skin effect
causing the discharge current to flow only in the peripheral zone of the plasma.

Introduction

The copper vaper laser (CVLs) emmit two visible lights, green(510nm) and yellow(578nm).
They are more than ten times as efficient as the ion lasers which are typical ones with the
transitions in the visible spectrum region. Therefore, the CVLs have been scaled to high
average power around 100 watts"), order of magnitude larger than that of the ion lasers. Since
the CVLs yield short pulses at high repetition rate of a few kilohertzs in the visible apectrum
regior, they are adequate to pumping the dye lasers, and are expected to be suited for future
photochemical applications, especially the research and development of isotope separation
technology utilizing the CVLs.

It is estimated that a total laser output power of a CVL system of a few tens of kilo-watts
will be required in energy applications.' Consequently, improvement in the efficiency,
accordingly in the laser output power of a single CVL, is one of the major factors to
determine whether the laser isotope separation system can have an economic advantage over the
other separation schemes.

Volumetric power scaling of a single CVL has been accomplished by both lengthening the
discharge and increasing its diameter. Availability in long-length ceramic tubes have made
it possible to experiment with the tube up to 3-m long, and an output power of 150 W has been
obtained with a 60-mm-diameter tubes by length scaling.3"

A 100-W CVL is being developed with a-1570-mm-length discharge by increasing the discharge
-tube diameter up to 80 mm. In an author's trial manufacture of a CVL with a 1570-mm-length
and 100-mm-diameter discharge tube, the laser output power was limited to a few watts. The
volumetric power scaling by increasing the discharge diameter was unable to be applied, since
the laser beam formed an annular profile without any beam intensity in the central part, which
failed in making the most of the whole discharge volume.

Some investigations showed that the increase in the diameter leaded to the decrease in the
discharge resistance resulting in the impedance mismatching between the electrical circuit and
the discharge tube. They also showed that the impedance mismatching adversely affected the
skin effect causing the discharge current to flow only in the peripheral zone of the plasma.
Eventually, the authers have been successful in obtaining an laser output power of 100 watts
with a reduced-diameter tube of 80 mm by accomplishing the impedance matching.

The laser output characteristics and the impedance-matching results for the 100-W CVL will
be described here.

Outline of 100-W CVL

A configuration of the 100-W CVL is depicted in Fig.l. An alumina ceramic discharge tube is
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is placed inside an outer metal Laser geam
jacket which serves both as a
curreut return and structural member. M J ,o M
A left part of the vacuum vessel Go

consists of an electrical-insulation ( : I: _ : 1.
ceramic tube. Electrodes are placed
at both ends of the discharge tube. Rear
When a high-volta., pulse is applied Output Mirror Thermal Insulation Tube(
between two flanges at both ends of Fund Silicu Tukj toVacum Pop Mirror

the insulation tube, the discharge Vic"
is established between the electrodes. Radiation Shield
The current flows from the electrode
to the discharge, and returns to the
opposite terminal through the outer Fig, 1 Configuration of the Copper Vapor Laser (CVL)
metal jacket. The coaxial
configuration reduces the discharge
-tube inductance.

Since the discherge tube is thermally insulated by the alumina-fibrous layer and the vacuum
layer, the tube temperature increases to about 1500*C by the discharge, and the copper is
vaporized. The copper vapor excited by the discharge emitts the laser beam. The discharge tube
is 80 mm in inner diameter, and 1570mm long.

Electrical circuit L f Lc Lo 2

Fig.2 (a) shows an electrical 
I

circiut of the CVL. The pulse power Cs L
supply charges the storage capacitor C CVf

Cs through the inductor, and is Cp Dischrie Cs
electrically insulated after the T Tube T l
completion of charging. Then, the RCVL
thyratron is closed by a controlled T h y Rr a
trigger signal the charge in the Cs
is transfered to the peaking . . .. Lop 3
capacitor Cp through the thyratron,
and the terminal voltage of the
discharge tube increases. When the (a) Elctrical Circuit of the CVL (b) Equivalent Circuit
discharge takes place, the current
flows in the discharge tube from
both Cs and Cp. As a result, the Fig, 2 Electrical Circuit of the CVL and Equivalent Circuit
copper vapor is excited and the
laser oscillation occurs. The current ceases to flow after the energy supplied from the pulse
power supply is completely dissipated in the discharge and other electrical elements. Then, the
thyratron recovers its insulation, the circuit restores the initial condition, and the power
supply begins to charge Cs.

Impedance matching

Fig.2 (b) shows an equivalent circuit where the discharge tube is represented by an
inductance and a time-dependent variable registance. The circuit forms a loop 1 from Cs to Cp,
a loop 2 from Cp to the discharge tube, and a loop 3 from Cs directly to th tube. Since the
lifetime of the excited atoms is short in the CVLs, it is necessary to deposit the high - power
energy into the discharge within a very short period of -lOOns, in order to obtain the
efficient oscillation. Therefore, it is important to match the circuit impedance ,/-(L/C) with
the discharge registance.

Fig.3 shows the CVL current profile and the integrated energy deposited in the discharge for
three equal circuit impedances of 6( and the discharge registance of 60. The integrated
energy is represented by the rate to the energy initially stored in Cs. When the discharge
registance is equal to the circuit impedances, 82.5% of the energy is deposited in the
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discharge during the first wave of
the current. R N=6.00 Rcv =6. 0 04__ i0

Since the laser oscillation takes
place around the peak of the first
wave of the current, it is 2
necessarey for the energy to be /
deposited in the discharge during 0 50
the first wave in order to make the 00
most of the stored energy.

Fig.4 shows a variation uf the-,
energy deposited during the first
wave as a furction ofthe discharge 4 /  

_ _,_,_,

registance. The circuit condition is 100
the same as that in Fig.3 where the 0 100 160 200 300 400 500
first wave period of 16Ons is T i me (ns)
indicated by the dashed line. Fig, 3 CML Current Profile and tie Integrated

The abscissa corresponds to the Energy Deposited
discharge registance, and the
ordinate corresponds to the energy R ,006.00deposited within 160ns. The figure , 100
shows that the energy deposited is
reduced to 70% for the registance of 80
2.5Q or 123. The impedances can be
matched by the additional inductance -. 60
to the external circuit in case of a
relatively large discharge 40

registance. When the registance is
small enough, however, there is a -

limit in reducing theinductances in z • 20
the tube and the external circuit.

Even if the input power is 0. 0. 5 1 2 5 10 20 50
increased at the cost of the Distarse Reisla ice R tQ)
efficiency, the discharge registance
becomes smaller which leads to the Fig, 4 Variation of the Energy Deposited as a Function of
further mismatching. the Discharge Regis!ance

Table 1 shows a comparison of the discharge tube reg I stance with the circuit impedanceas afunction of the discharge tube diameter for a constant dischage length or 1500mm.

The discharge registance is calculated from a conductivity of 1.5 Q-cm"'.1 )

The inductance is computed as the coaxial round-trip circuit with a constant Insulationthickness of 40mm and the electrode length twice as large as the diameter. The capacitance
is determined on condition that the stored energy is proportionai to the cross section ofthe discharge tube for a constant voltage of 20kV and a constant pulse repetition rate of
5kHz.

The disharge registance for a 35
-mm diameter is 2.1 times larger Table 1 Impedance Matching and Discharge-Tube Diameter
than the circuit impedance, and
becomes 4.7 times larger then that Discharge Circuit Circuit Dischargefor a lO0-mm diameter. It is clear Tube CapacitRceC(nF)
from the table that the impedance Diameter(mu) InductanceL(nH) Imedance() Resistnce(F)
matching is not obtained at all for
larger discharge diameters. There 35 472 2.0 2 1.7 10.4
seems to be a furamental problem in
the volumetric power scaling by 60 382 6.0 11.3 3.5
increasing the diameter.

80 343 10.6 8.0 2.0
Skin effect and impedance matching

The impedance mismatching 100 318 16.7 6.2 1.3
adversely affects the plasma skin
effect, consequeiently thelaser beam
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profile dose not exhibit a uniform
distrifution but an annular one. Lc

Fig.5 shows an equivalent circuit r- i s
for a calculation of the radial
discharge current. The discharge C LCV
plasme !! divided so that the cross Cs I
section of each element becomes T
equal each other. The inductance is
calculated by both self and mutual R CVL
inductance. [ I____1_|

Fig.6 shows computed results of
the current and the integrated Center
energy deposited in the discharge
for a well - matched case with a 7.5
0 circuit impedance and a 7.50 Fig, 5 Equivalent Circuit for a Calculation of the Radial
discharge registance. The discharge Discharge-Current Distribution
region is divided into 5 elements.
The current in the central zone is
approximately equal to that in the
peripheral zone, though a slight time delay is obserbed. And it is true of the energy deposited.
It takes about 20-ns time delay for the energy deposited in the central zone to become equal

to that in the peripheral zone. The difference of the energy deposited between the peripheral
zone and the central zone is only 8%.

Fig.7 shows similar computed
results for a mismatched case with R .,:7. 5Q RcVL,. 50
the 7.5-0 circuit impedance and a 4 50

reduced discharge registance of 1.50.
The current peak value in the 7
central zone is 60% of that in the 2f 2
peripheral zone, and the amount of P -__ea

the energy deposited is reduced to Z5
less than half that for the well 0 !q > 25

-matched case. The impedance Peripher---

mismatching in the CVLs causes the -

energy deposition only in the 2 -
peripheral zone of the plasma,
resulting in the annular beam profile. -4 0

Fig.8 shows laser output 0 100 200 300 400 500
characteristics and a photograph of T i me (ns)
th 80-mm-diameter CVL in operation, Fig, 6 Axial Differences of the Current and
which has been developed by the
authors. A maximum output power of the Energy Deposited (inp*Rcvl)
100 watts is obtained with an
operating temperature of 1450*C.

Fig.9 shows a radial laser beam 4 Ro 50 50 50
intensity distribution. The power
density becomes maximum in the P
central portion of the intensity 2
distribution.

Fig.1l shows temporal laser power 0 Centrai 25
profiles in various positions in the
beam. A peak value of the laser
power profile in the center in -2
larger than that in the peripheral
position, though the oscillation in Central
the peripheral position starts 20ns o
earlier. 0 100 200 300 400 500

It is considered that the 
T i me (ns)

impedance matching is sufficiently Fig, 7 Axial Differences of the Current and
accomplished in the 80-mm- diameter the Energy Deposited [Rinp«A'cv/)
CVL.
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Fig, 8 Laser Output Characteristics and Photograph
of the CVL in Operation

1.0 Concluding remarks

A 100-W copper vapor laser with
the discharge tube of 80 mm inner
diameter and the electric discharge
length of 1570 mm, was developed.

z 0.5 The large bore copper vapor laser
did not show the power depression in
the central zone. It shows the
possibility of increasing the total
power by enlarging the bore diameter

0 1 and accomplishing the impedance
-60 -40 -20 0 120 140 160 matching between the electrical

circuit and the discharge resistance.
Radius (ii)

Fig, 9 Radia/ Laser Intensity Distribution Ohtaied References
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DEVELOPMENT OF HIGH-POWER COPPER VAPOR LASERS
DRIVEN BY SOLID-STATE PULSE GENERATOR
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Ce,;ttal Researchi Laboratory
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Abstract

A solid-state pulse generator which consists of only fast semiconductors without a
saturable reactor has been developed. With this pulse generator, a laser power of
112 W has been obtained with a high-power 80 mm bore copper vapor laser. The switching
time is 38 ns, the rate of rise of the pulse current is 20 A/ns, and the switched
pulse energy is about 2 J with the high repetition rate of 6 kHz and the voltage of
17 kV. These values are comparable to those obtained with a modern thyratron.

1. Introduction

The technology of controlling the high-power nanosecond pulse current is necessary
to obtain high-power pulse lasers.

At present, the high-power nanosecond pulse current is obtained by discharging the
condenser instantly by a switching device. A thyratron tube is mainly used for this
switching device. But it has some problems of short lifetime and unstable quality
For that reason, many studies on a solid-state switching device for replacing a
thyratron have been carried out. Many papers [1,2,3,4] with a magnetic pulse
compression curcuit(MPC) applied to pulse lasers were published. But there are
problems that the MPC has jitters in the switching owing to the fluctuation of the
cuicuit conditions such as charging voltage. Because of the jitters, laser amplifiers
can't be excited synchronously in a time order of nanosecond in a master oscillator
and power amplifier (MOPA) laser system, resulting a low efficiency of amplification
of laser power.
To solve these problems, we have developed a solid-state pulse generator which

consists of only semiconductors without a saturable reactor. In this report, we
describe the chracteristics of the solid-state pulse generator and the application to
a high-power 80mm bore copper vapor laser (CVL).

2. The chracteristics of a solid-state pulse generator

A schematic diagram of a electric circuit used in CVL is shown in Fig. 1 . A
discharge capacitor(Cd) is charged by DC high voltage power supply. When this voltage
is switched by a solid-state switching device, a pulse current flows into a discharge
tube. This pulse current excites a laser medium and a laser oscillation is generated.
A solid-state pulse generator is composed of a solid-state switching device, a gate
circuit and a tigger oscillator. The solid-state switching device is activated by the
signal of the trigger oscillator with a high repetition rate.

A schematic diagram of the solid-state pulse generator is shown in Fig. 2. The
switching device consists of only semiconductors, MOSFET's( Metal Oxide Semiconductor
Field Effect Transistor ), in which a multistage of several parallel FET's are
installed to switch the high voltage and high current. Each stage is connected to each
insulated gate curcuit. The switching signal of the trigger oscillator is inputed to
the gate curcuits through the optical fibers to switch all FET'S at the same time in
nanosecond order. Because of the fast switching operation of the FET's, no saturable
reactor for sharpening the current pulse waveform is used in this solid-state pulse
generator.

359



It is necessary to make equal the current and the voltage at each FET in a solid-
state switching device which consists of series and parallel connectoin of FET's so
that the large switched power can be obtained. First, the current distribution in each
FET connected in series and parallel at the rise of a nanosecond pulse current depends
on the reverse induced electromotive force by inductance in a switching device rather
than a on-stage voltage of each FET. The equalization of the current at each pararllel
FET is obtained by installing all FET's and a plate for a returning current parallel,
making equal a value of inductance in each loop which is made up of each FET and the
plate. As a result, the value of the current of each FET deviates within 13 % from a
value, which is defined as I/N ( I is the total current, N is the total number of the
paralell FET's) . Secondly, we must make equal the voltage per stage at the multistage
because the excessive voltage over the rating of the FET would cause to destory the
FET. The equalization of the voltage is obtained by ajusting the installation of the
FET's. The result is shown in Fig. 3. The horizontal line is the stage number and 100%
is the total number of the multistage. In this case, the fluctuation of the voltage
per stage is obtained within 15 %.

Figure 4 shows the waveforms of the FET current and FET voltage when the solid-state
pulse generator is switched. In this case, the peak current and the charging voltage
are 1.7 kA, 17 kV and the repetition rate is 6 kHz. a pulse energy of 1.93 J has been
stably switched. The switching time is 38ns and the rate of rise of the current pulse
is 20A/ns. These values are comparable to those obtanied with a modern thyratron.

The switching loss in the solid-state pulse generator contains both the loss in the
transient switching and in the steady state switching. In Fig. 4, the sum of the on-
stage voltage of the FET's in multistage is about 1 KV. The loss in the trnasient
switching is about 0.05 J and the loss in the steady state switching is about 0.16 J,
which is three times than the loss in the transient switching. The total loss is 1.26
KW, which means that the conversion efficiency from the switching electrical power to
the input power into a load is about 90 %.

3. An application of the solid-state pulse generator to a 80 mm bore CVL

A shcematic diagram of a caharge tube in a 80 mm bore CVL is shown in Fig. 5, which
is a vonvetional 1 ngitudinal one. There is a alumina tube in the center and each
electrode in the both side of the alumina tube. The pulse discharge occurs between the
electrode. The length of the dischage tube is about 2 m.

The solid-state pulse generator has been applied to the 80 mm bore CVL. Figure 6
shows the waveforms of the FET current and the discharge current and the laser power.
In this case, the laser power 112 W has been obtained when the switched pulse energy
is 2 J with the repetition rate 5 kHz. The maximum of the discharge current is 1500
A. The high efficiency more than 1 % is obtained with the electrical input power of 10
KW (1/2CdV2 f, Cd: discharge capacitance, V: charging voltage, f: repetition rate).

4. Conclusions

We have developed the solid-state pulse generator which consists of only
semiconductors, FET's, which is activated with the high repetition rate.

(1) The laser power 112 W has been obtained with the 80 mm bore CVL.

(2) The swicthing time is 38ns and the rate of rise of the pulse current
is 20 A/ns. The convertion efficiency of the swicthing power of 10KW
is about 90 % in the swicthed pulse energy of 2 J with the repetition
rate of 6 KHz.
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Abstract

This is a general review article for people who are entering the dye laser field for the

first time. Ouickly I will review the different types of dye lasers, and their difference

in beam characteristics. Next will be discussed the development of dye and where it is
today, the development uf optic"l systems on the various dye lasers and the applications

relating to dye lasers.

Types of Dye Lasers

There are two basic types of dye lasers. There are laser pumped dye lasers which use
another laser type to pump a dye cell. These types of lasers consist of using a Nd:YAG,
frequency doubling it'v output to obtain 530nOh light which is used for pumping a dyc cell
that contains dyes that absorb 53Om. Excimer lasers are used to pump dye cells and their
UV excitation at 308rm is particularly useful for exciting many of the different dyes.
Nitrogen lasers can be used to pump a dye cell and it's UV output at 331no is also absorbed

by many different dyes. In both the Excimer and Nitrogen laser, however, the more red the
dye, less absorption of the V occurs. The relative efficiency of dyes in the red and the
near infrared region becomes less for Excimer and Nitrogen pumped dye lasers. Copper vapor
has a yellow excitation of 577nm and is very useful for pumping dyes that have absorptions
at 577 or above. The Argon Ion laser is a continuous (CW) laser. It has a blue green
excitation region of 4GMlnm or 514nm and pumps dyes that are flowing through the focal point
of the beam to produce a continuous dye laser. Krypton Ion can also be used in place of

Argon.

The flashlamp pumped dye lasers use a flashlamp to excite a dye cell. There are two
basic types of flashlamps, the coaxial flashlamp where the dye flows through the center of
the flashlamp, and the linear flashlamp which uses an outside reflector to direct its light
into an adjacent dye cell.

The top of Figure 1 shows a ruby laser used to excite a dye cell. The lower two diaigrams

show the configuration of an argon laser used to pump the flowing cell.

Figure 2a is a layout of what a linear flashlamp system would look like with its

adjacent dye cell. Also shown, is the energy level diagram for dyes.

Figure 2b shows how the dyes self absorption forces the lasing spectra to be red shifted
from the fluorescent peak.

A dispersive element in the resonator cavity will make the lasing output tunablu.. It
will also increase the spectral intensity of dye laser. The greater the dispersion, the
more narrow is the linewidth of the output. Dye lasers are tunable and this is their
primary advantage.

Figure 3 shows the coaxial flashlamp. The dye flows through the center of the
flashlamp. The coaxial flashlamp is unique in that it can pump the dyes much more
efficiently than the linear flashlamp. The coaxial flashlamp has extremely low inductance.

Consequently its rise time is very fast and can match the fast fluorescent time constant of
the dye which is in the order of 3-4ns.

In Figure 4 an example of a pulse produced by a coaxial flashlamp pumped dye laier is
shown. Notice how quickly the laser pulse rises to about 50% of it's amplitude and then
after the peak, has a gradual rollover that is a nice, smooth, laser pulse.

leam -Characterist i"

The beam characteristics of the different dye lasers are important to underluttand.
Generally speaking, if a laser is used to pump a dye cell, then the temporal behavior of a
dye cell will closely follow that of the pumping source. For example, 20na NdtYAI1 will
produce 2Ona dye laser pulses. The Copper Vapor and ExcImer pulses are in the order of 6-
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lOns. The Nitrogen laser is around the 1-2ns, whereas the Argon Ion or Krypton lasers are
continuous wave. Dye lasers made by excitation from these lasers will have the sale
temporal characteristics.

Flashlamp pumped dye lasers are quite different. Flashlamp pumped dye lasers can be
made at different pulse widths and consequently the dye laser will generally follow the
flashlamp excitation time. We have been able to produce flashlamp dye lasers that produce
coherent light pulses from about 20ns all the way up to in excess of lms-"

The linewidths of the lasing output from either a flashlamp pumped or laser pumped dye
laser, are all controlled by the amount of the dispersion introduced into the dye cavity.
Typical linewidths are in the order of 0.1A- to 40A-. 3-5 Mtz linewidths can be attained
in pulsed and in CM systems. Generally, as the linewidth is reduced, the amount of energy
or pulse intensity from the dye laser is also reduced.

The divergence of the dye laser beam is typically in the order of 1-Sir. Near
diffraction limited quality can be obtained similar to other laser types.

The output energy or power of dye lasers can run the full range available from any other
type of laser. In the continuous mode using the Argon or Krypton systems, milliwatts to 3
or 4 watts is available. In the pulsed mode, energies from microjoules to as miuch as 150
joules or powers from kilowatts to 5 6W have been obtained.

Development of Laser Types

The development of dye lasers really started back in 1968 when Peter Sorokin at IBM was
doing some florescent measurements with a very simple type of coaxial flashlamp. From his
work the first comercial dye laser evolved at a company called General Laser Corporation
using a coaxial flashlamp. The first flashlamp pumped dye laser was made available in
early 1969. Avco and Exxon formed a team later in the 1970's to develop a high average
power linear flashlamp system for isotope separation. Many of the high average power
designs and concepts and the problems associated with running flashlamp pumped dye lasers
at high rep rates came from the studies done at Avco and Exxon by this team. There are two
principle flashlamp dye laser houses in the United States. One is Candela that primarily
works with the linear flashlamp systems and Phase-R Corporation which has developed the
coax to where they have an all metal to quartz seal, making that flashlamp a very reliable
flashlamp when compared to the linear.

CM dye lasers began when Ben Snavely at Kodak fathered the concept of using an Argon
Laser to pump a fast flowing dye. Initially, this began with the dye flowing between two
windows but as Coherent and Spectra Physics began using higher and higher powered Argon
lasers, they found that the dye was actually being plated onto the windows. Consequently,
the dye jet using glycol evolved with a nozzle approach so that the high intensity would
not cause the thermal effect associated with the boundary layer between the dye and the
glass.

Laser pumped dyes began at Avco because Avco was an early manufacturer of a Nitrogen
Laser. One of the first experiments that someone did at Avco was to make jello with dye
and actually make it lase. Other cells were developed, and laser pumped dye lasers began
to evolve. ther manufacturers that produced Excimer or Nd:YA6 or Ruby lasers began to see
that there was a market for their lasers and all developed various dye cells that would fit
to their lasers.

By and large all dye lasers would not be used if the dye is not efficient, if it is
short lived, and it must be used in toxic solvents. Consequently, the dye and its
associated characteristics are extremely important to the usefulness of the dye laser.

Development of Dyes

The development of dyes began back in 1968-1970. Several books were written on it, but
the synthetic development of the dye and the actual studies really didn't start to move
until the Air Force in 1975 started to spend some money on the development of red dyes.
The Navy started to see that blue/green dye lasers could have a beneficial effect to
applications in the Navy. In 1977 they pioneered development programs to develop blue
green dyes. In 1986 the Army got the concept and idea and wanted to understand how much
power a dye laser could produce. Consequently, high power dyes were considered an
important part of the dye program study. In 1985 the Navy began to fund an acrylic rod
concept where the dye would be mixed into an acrylic rod so that the dye laser could
possibly evolve into a tunable "solid state" type of laser which could in the worst case,
be a throwaway type of system.
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Future development on dyes is going to be required on dyes for many years until we have
long lived, very stable, high efficient dyes at every part of the near UV to near IR
spectrum. In the 20 years since 1970, s striking examples of good dyes have evolved.
However, there are many holes in the spectrum that do not have good dyes at all. what is
needed is development on long life dyes that produce high energy and are capable of being
water soluble or at least operating in a solvent that is non-flammable over any part of the
visible and near IV, IR spectrum. Another development will be using dyes mixed in PMIIA or
Acrylic type rod systems. Dyes are beginning to have medical applications where
photodynamic therapy and its effect on cancer produce striking results. There could very
well be concepts that have been learned in making synthetic laser dyes used to help develop
associated dye materials that would be very beneficial for the PDT type of application.

In figure 5 is an example of the various dyes that exist today. Please note that the
same dye will lase at a different wavelength depending on how it is pumped. Notice how
the red mark of Rhodamine 590 for a Krypton system lases at a different wavelength compared
to a flashlamp system.

Figure 6 is an example of the pulse response of various dyes with flashlamp excitation.
It is interesting to note that the chemistry of the dye and its effect with the solvent can
produce very efficient or very bad performance. Notice that some dyes have a scalloping
effect as the intensity decreases. This indicates that triplet-triplet absorption is
starting to became a substantial part of the excitation mechanise.

Development of Optical Systems

As the dye laser began to evolve, initially it was used as a tunable source for very
basic research and very basic applications. Then as it became more accepted, the
development of optical systems for liquid type lasers, namely dye lasers, began to evolve.
The fundamental difference with liquid dye lasers and the optical systems they use is that
the liquid lasing media is moving, it can have thermal gradients that exist not only
longitudinally but transversely. The gain of the dye can be changed for a given diameter
and length ratio, which has an effect in the design of optical resonator systems.

Something that had never been used before in other types of lasers were dispersive
elements. In the dye laser, the dispersive element is a very important concept because the
dye is so tunable. Introducing dispersive elements into the dye laser produced the ability
to tune from one wavelength to the other using the same dye lasing material. Various
dispersive elements have been studied from prisms, to gratings, to birefringent filters, to
etalons, to a combination of all of these. Every laser pumped dye cell and every flashlamp
pump type of dye laser have all had studies done with all of these various devices.

The ideal use is for a laser to produce coherent light that is diffraction limited. The
focus ability of the laser light is important for many applications. Consequently
diffraction limited resonators were studied with dyes. The concept of the unstable
resonator became very important not only for the CO= laser, but for large diameter
flashlamp pumped dye lasers. Other studies involved resonators that produced extremely
narrow linewidths. A unique type of resonator was developed with a dye laser. It eas the
cavity dumper, as opposed to a 0 Switch. A A Switch laser uses lasing materials where the
energy is maintained in the upper
excited state until the optical resonator is quickly aligned. A cavity dumper is used with
lasing materials that have very short florescent time constants. Consequently, the energy
in the beam has to be stored as photon flux and then it is literally dumped from the
cavity. The cavity dumper was studied and developed by a group at Avco who did the initial
pioneering work and eas also studied and further refined and developed at Phase-R
Corporation.

The dye laser appeared to be able to scale towards larger sizes. Development began on
very high average power type laser systems. In the (M systems, they evolved from the cell
to the glycol fluid window. For the laser pumped systems, flowing cells became necessary
as the repetition rates of the laser pump systems increased. For the coaxial flashlamp, a
triax or trivac tube was necessary to isolate the dye cell from the flashlamp. For linear
flashlamps, transverse pumping became an ideal means where the dye did not have to be
passed down the entire length of the flashlamp before the next pulse. It could just be
passed transverse or through the distance of the diameter of the flashlamp instead.

One of the outgrowths of solid state lasers that became directly applicable for dye
lasers was frequency doubling. Frequency doubling of the Nd:YAG was very predominant in
being able to produce green light from infrared. The dye laser, because it was tunable,
gave the operator the ability to tune ultra violet light. There were many studies done on
crystals, tunability, and crystal damage and the relative efficiencies of frequency
doubling crystals.
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The figures that follow are examples of some simple setups and simple optical systems
used with the flashlamp pumped dye lasers. Simple frequency doubling or second harmonic
generation is shown in figure 7. A coaxial flashlamp has the ability to pump two dyes
simultaneously and is shown in figure 8. Two separate cells could be tuned and used with
the dispersive prism.

Figure 9 shows the difference between an optical chopper setup and a cavity dumper. An
optical chopper means just literally, chopping out part of the laser pulse; whereas the
cavity dumper compresses the energy and stores it so that a single giant pulse is obtained
from the laser.

App1 ications

Parameters shich dictate thL ase -f a dye laser are the requir-d wavelength and
linewidths of the laser beam. 6enerally it's necessary to have the tunabiliLy or the
ability to reach a particular wavelength that is not accessible by other laser types. The
pulsewidth or continuous operation is a necessary criteria for choosing the type of dye
laser. And then the power/energy will dictate the type of model of laser used. Of course,
the underlying parameter will be the cost, utility and maintenance of a dye laser and in
most cases a flashlamp pumped dye laser are much less expensive than a laser pumped dye
laser simply because two lasers do not have to be purchased.

By and large, dye lasers are used for the interaction of matter in the research field.
One can be classified as spectroscopy and the other could be classified as an excitation or
destruction mechanism.

The other major application for dye lasers has turned out to be the medical area.
Photodynamic therapy, is being used to kill cancers. Dye lasers are being used to break up
kidney stones and gallstones. In dermatology they are being used to remove skin defects
and surface veins. They are currently being used in ophthalmic research and there is a
possibility that dye lasers can be used to break up plaque in blood vessels.

Figure 10 shows a coaxial flashlamp pumped dye laser that was used with an optical
chopper. It was put in a 16 inch diameter cylinder and was used as an undersea illuminator
for the US Navy back in the late 1970"s. It had the nickname "Nessy'.

Another unique application had the dye laser was put into a van and computer controlled.
It was used to monitor the smoke exhaust from the Columbia Shuttle.
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ADVANCES IN BLUE-GREEN, FLASHLAMP PUMPED DYE LASER DEVELOPMENT

Robin Keith Elkins, President

R-K Manufacturing Company
4018 North 30th Avenue
Hollywood, Florida 33020

Abstract
A significant improvement in the performance characteristics of flashlamp pumped dye lasers

in the blue-green spectrum is due to the introduction of Kodak Coumarin 314T dye. Numerous
experiments are conducted to illustrate this advancement.

Introduction
The object of our research work was to obtain useful data about the performance of a

flashlamp pumped dye laser using the new Kodak dye Coumarin 314T. Then, to compare this
performance with other well known laser dyes using the same laser.

R-K Manufacturing has been sucessfully building flashlamp pumped dye liquid lasers since
1981. The majority of our work relied on the well known dye Rhodamine 6 G or "R6G".
Additional studies were conducted with other dyes. One such dye is Kiton Red 620. It's red
colored output beams were a good match for optics made for helium-neon lasers. The Kiton Red
dye could be used with either methanol or ethanol as the solvent, and produced laser beams
with significant output radiant flux.

Meanwhile, there was for some time, a major thrust of research activity in the United States
towards the development of high-power, blue-green lasers. We conducted experiments with
several dyes known to lase in the blue-green such as 7 Diethelamino - 4 Methelcoumarin, Sodium
Flourescein, and Coumarin 504. The results of our experiments were not encouraging, so we all
but forgot about the idea of having an efficient, high-powered, blue-green laser. Another dye
laser worth mentioning is one where we used Oxazine 720 as a laser dye, with ruby laser optics
to closely match the wavelength of our ruby lasers.

Earlier this year we received a sample of a new laser dye from Kodak. The dye is called
Kodak Coumarin 314T. This laser dye falls under the claims of a U.S. Patent # 4,736,032,
issued in 1988 to Eastman Kodak Company. The peak lasing wavelength of this dye is in the
blue-green at 490 nm. The results of our first tests with this new dye provided us with
evidence that a flashlamp pumped high power dye laser in the blue-green spectrum could be
developed.

Description of the Laser
The laser is an R-K Manufacturing Model 6000 Dye laser working with a series 9000 power

supply.
The laser Head consists of a dual, linear flashlamp pumped .cavity (a close-coipled

configuration). The flashlamps are EG&G FX47-3 lamps. The dye cell is our standard small dye
cell of 112mm (length) x 5mm (bore) and having a Imm wall thickness. Certified fused quartz
is the material of the dye cell. For laser mirrors used on the tests with Coumarin 314T and
Coumarin 504, an NRC high reflector (R = Max. @ 520nm coating) type high power laser mirror on
a 1" substrate was used. The radius of curvature of the high reflector is 28 centimeters.
The output coupler is a CVI high power laser output coupler, on a 1" diameter, plano-plano
substrate. The high power dielectric mirror coating is of 80% reflectivity maximized about
532 nm, and second surface AR coated. The resonant cavity length is 242 mm. No tuner was used.
Note that the optics were selected (on purpose) to be a close match to the C504 dye lasing
maximum. This was to further evidence the superiority of C314T over C504.

For operation with R6G, the high power dielectric reflector is a CVI high reflector coated
for R = Max. @ 590 nm, and has a radius of curvature of 0.3 meters. The output coupler is a
CVI high powered dielectric mirror of 80% reflectivity for 590 nm, with an AR coated second
surface. The output coupler has a I" diameter, plano-plano substrate.

The power supply has an output voltage of 3,006 volts D.C., with a capacitance of 20
microfarads (90 joules). Pulse widths of the discharges measured 10 microseconds. Discharge
peak currents measured 10 kiloamperes. An external high voltage trigger pulse of 15 kV was
applied to the pump chamber to initiate the laser discharge.

The dye circulator pump is a peristaltic, traveling wave type with a flow rate of 1 litre
per minute. A 1 litre capacity Nalgene mason jar contained the small volume test solutions.
These measured from 200 to 500 mililitres each.

Test Instrumentation
A Scientech Model 365 power/energy meter was used as the primary energy measurement

instrument. Additional energy measurement devices included the R-K Manufacturing Model 10
laser power/energy detector with a Tektronics T-922 Oscilloscope with calibration traceable to
the NTIS, and a Molectron Detector Model J3-09.

Test Results
Output Energy per Pulse With C314T:
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267 mj, 255 mj, 258 mj, 255 mj, 251 mj, 242 mj, 244 mj, 239 mj, 249 mj, 238 mj
Output Enerczv per Pulse Wi.th C504:

207 mj, 205 mj, 231 me, 208 ni, 200 mij, 191 mj, 201 mj, 204 mj, 220 mj, 201 mj
Output Energy per Pulse With R6G:

245 mS, 380 mj, 300 mj, 300 mj, 280 mj, 375 mj, 225 mj, 367 mj, 270 mj, 325 mj
Tests were conducted to check for laser outputs emitted from the high reflector end of the

laser. Such an output is due to the minute deviation from a 100% reflective high reflector
(typically some 0.2%), the narrow spectral response of the high reflector in relation to the

wavelength of the dye lasing (maximum), and any possible mismatch. Tests showed that with the
green optics in the laser, the output pulse energies with C314T from the HR end of the laser
were greater than 3.6 millijoules. With the same optics, and C504 dye, the output energies of
pulses from the HR end were less than 1 millijoule. With the Rhodamine 6G optics (R6G dye),
the output from the HR end was again less than 1 millijoule per pulse. The values listed for
laser output energies were not adjusted to account for these outputs. Only the laser outputs
through the output couplers were listed.

Numeric Relations
Electrical Input to Optical Output:
(from pulse energy maxima)

C314T - 267mj (output)

90j (input) - 2.966 X 16'3  (1)
= 0.3%

C504 - 231mj

90 = 2.566X 10
= 0.026% (2)

R6G - 380mj

90j = 4.22 X 10
= 0.42% (3)

Average Output EnerQy:
C314T = 249.8mj (17% over C504) (4)
C504 = 206.8mj (32.5% less than R6G) (5)
R6G = 306.7mj (18.5% over C314T) (6)

Relative RanQe of Outputs for the Dyes Tested, Output Enerqies

400mj

350mj

300mj

_-- /C314T

250-mj

C504 -

200mj -

Minima [Laser Pump Energies Identical (see text)] Maxima

Conclusion

Use of the new Kodak laser dye, Coumarin 314T, significantly improves the performance of
flashlamp pumped dye liquid lasers operating in the blue-green spectrum. Output pulse energies
from blue-green flashlamp pumped dye laser can now approach or exceed output pulse energies
from similar flashlamp pumped lasers in the yellow, orange, and red. This improvement has
immediate application to studies that require the greater energy per photon that the shorter
wavelengths (blue-green) provide. Because of this, experiments reliant upon excitation from a
blue-green laser pulse can meet their needs for energy more efficiently.
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HIGHER EFFICIENCY EXCIMER LASER PUMPED BLUE-GREEN DYE LASER

F. J. Duane
Photographic Research Laboratories - Photographic Products Group

Eastman Kodak Company, Rochester, NY 14650-1744

D. R. Foster
Analytical Technology Division - Electronic Spectroscopy Group

Eastman Kodak Company, Rochester, NY 14650-1731

C. H. Chen
Corporate Research Laboratories - Molecular Design and Dynamics Group

Eastman Kodak Company, Rochester, NY 14650-2115

CH3 CH3 ..
Abstract CH3 -CH2 CO 2C2H 5

Efficiency experiments using coumarin 314-T laser dye,
manufactured by Eastman Kodak Company, are reported. N 0 0a
Measurements in a simple excimer-laser pumped dye laser CH3
show that C 314-T provides twice the efficiency of either C

C 314 or C 504. The tetramethyl coumarin dye has been CH3
found to lase in the 1 x 10-3 - 1 x 10-1 M range.

Fig. 1. Molecular structure of C 314-T (MW = 369.35).

I. Introduction

In this short communication we report on recent effi- offers a significant improvement in laser efficiency relative
ciency experiments involving the new Kodak coumarin to C 504 (or C 314). These dyes in conjunction with
314-T laser dye. In an earlier publication1 lasing in a whole rhodamine 590 demonstrate a severe decline in efficiencies
new family of coumarin dyes based on 1,1,7,7-tetramethyl- at concentrations approaching 1 x 10-2 M. By contrast the
8-hydroxyjulolidine was described using the response observed in C 314-T is quite different. Here,

B2v 2 t t f lslasing is observed, at reasonable efficiencies, up to concen-
B 2 - U2tl trations approaching 1 x 10-I M. It should be noted that
dyes investigated in those experiments were the C 102-T, C 314-T was observed to be freely soluble in ethanol at
C 338-T, C 314-T, C 334-T, and C 153-T. Characteristic these high concentrations. The wider response observed in
of those measurements was an improvement in efficiency C 314-T was obtained by optimizing the excimer laser pump
performance (of up to 24%) of the new compounds and a geometry to eliminate regions of unexcited dye at the
significant increase in solubility. In those experiments extremes of the active dye region. The efficiency obtained
C 314-T was found to lase in the 478-525 nm spectral range at a concentration of 5 x 10-3 M of rhodamine 590 with an
with kmax - 506 nm (at 5 x 10-3 M in ethanol). identical excitation geometry was 17.5%.

II. Experimental In addition to the laser experiments we carried out a

In the present experiments C 314-T (molecular structure series of absorption measurements utilizing conventional
shown in Fig. 1) was utilized in ethanol solutions varying spectrometry at various dye concentrations. These spectrashow inFig 1)was tilzedin thaol slutonsvaringare shown in Fig. 3.
from 1 x 10-3 to I x 10-1 M in a simple broadband mirror-
mirror cavity excited transversely by a 22-33 mJ per pulse
excimer laser. Details of the experimental procedure have IV. Discussion
been given previously. 1,2 The most important point here is
that extreme care is observed to provide identical excitation The results shown in Fig. 2 demonstrate that C 314-T
conditions for each dye solution tested. For each set of offers significant advantages for ultraviolet laser excitation.
measurements we monitored the excitation energy and the First, the dye is highly soluble in solvents such as methanol
dye laser emission energy. Results presented here corres- and ethanol. In addition, lasing is observed for a wide range
pond to averages taken for a set of measurements. A typical of dye concentrations including number densities as high as
standard of deviation for a set of laser pulse energy 2.22 x 1022 molecules cm-3. This phenomenon is in clear
measurements is < 5%. contrast with the usual behavior observed in traditional dye

compounds such as C 504 (or C 314) and rhodamine 590.
As such, this appears to be a fundamental advantage offered

1II. Results by these new tetramethyl compounds. The increased
efficiency is attributed both to the increased solubility, that

Results of these experiments are summarized in Fig. 2. provides larger populations of useful dye molecules per unit
Here we plot laser efficiency for C 314-T, C 504, and volume, and to more fundamental differences in the
rhodamine 590, as a function of dye molecular concen- molecular structure.
tration. The basic feature of these results is that C 314-T
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As explained earlier, the enhanced performance observed
with C 314-T was obtained by illuminating the whole dye
molecular active length that eliminates unexcited dye regions,
which can contribute to dye laser emission reabsorption.
This type of excitation geometry has been previously
discussed by Duarte and Piper.3,4

For comparison purposes, it should be indicated that
C 102 (or C 480) provides some of the best conversion
efficiencies, for conventional dyes, under excimer laser
excitation at 308 nm. This is well known. In our previous
study1 we reported 18.4% conversion efficiency for

C 102 and 20.8% conversion efficiency for C 102-T

(-max - 475 nm). These measurements were done under
identical experimental conditions. In those experiments I the
measured efficiency for C 314-T was 18.1%. Experiments
are in progress to provide further characterization of
C 102 -T.

An important observation illustrated in Fig. 3 is that we
have not seen the formation of dimer dye molecular species
even at very high concentrations in the tetramethyl
compounds. This is an encouraging development, which
indicates that further improvements in efficiency are possible
by increasing the pump laser energy and optimizing the
excitation geometry to improve the coupling of the pump
photon flux to the active region. In this area the use of thin
dye regions with double colinear transverse excitation may
prove useful.
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Abstract

in this paper, we describe the design and initial operating characteristics of a
high-average-power, flashlamp-pumped dye laser built for underwater communications.
Tests have been conducted at 458 nm, which is close to the operating wavelengths of the
narrow-bandpass, wide-field-of-view Cs atomic resonance filter (455/459 nm). With minor
modifications, the laser can operate anywhere from the near UV to the near IR.

The paper is divided into two parts. in the first part, we discuss the engineering
aspects of the laser. Major features of the design include: 1.) a multiple-lamp laser
head which incorporates flow channels for a spectral-converter dye solution; 2.)
wavelength stabilization using a feedback loop which contains a Cs cell as an absolute
reference; and 3.) a dye replenishment system for long service life of the dye solution
(> 3 x 106 shots). The laser head is modular for ease of assembly and maintenance.

in the second part, we present preliminary data on laser performance. To date we
have demonstrated > 4 J/pulse broadband, and > 1.5 J/pulse at 30 mA bandwidth with the
laser tuned to 458 nm. Additional experiments have shown that the tuned output can be
increased further by reducing the feedback of the resonator.

introduction

Flashlamp-pumped dye lasers are an attractive option for applications requiring
high average power in the visible. Kilowatt devices employing a single laser head were
built at Avco Research Laboratory (ARL) as early as 1976. Lasers operating at the
several hundred watt level and tuned to atomic resonance lines were developed for laser
isotope separation. These performance levels are possible because of the high gain of
laser dyes and the excellent thermal control achievable with a flowing medium. Since
these earlier days, a number of technical advances have been made to further improve
efficiency and spectral control. in this paper, we will discuss the present state of the
art in the context of the design and preliminary testing of a high-average-power device
for underwater communications. The transmission of sea water strongly favors a blue
transmitter. The laser described here was designed to operate at the Cs atomic resonance
filter wavelengths near 460 nm.

In Table 1, we summarize the major specifications addressed in this work. The
device is designed to provide > 100 W of optical power with the capability of going to
> 200 W for brief periods by providing a higher rep rate. The service life requirement
is > 3 x 106 shots; this requires careful design, since the short pulse duration and
high energy loading stresses the flashlamps, and the high optical pump power places heavy
demands on the dye solution. Ultimately, the laser is to operate unattended in the
field, so we have designed a closed-loop feedback system to stabilize the output
wavelength. At this point, we have designed, built, and initiated testing of a compact
laser capable of meeting all these requirements.

Table 1 Transmitter Specifications

ENERGY/PULSE 3 J
PRF 40 Hz Average)
LIFE 3 x 10 Shots
PULSE WIDTH < 2 psec
WAVELENGTH 455/459 nm
BANDWIDTH 10 &A (1.4 GHz)
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There are several distinct advantages of flashlamp-pumped dye lasers for this
application. First, this type of device has already achieved each specification in the
table; the purpose of the present work is to put it all together in a single laser
device. The high average power required has been routinely demonstrated in a single
head, which makes the laser relatively compact. Secondly, the desired output wavelength
is achieved directly. That is, no frequency doubling, Raman shifting, or sum-frequency
processes are required. This considerably simplifies the design. Furthermore, the above
nonlinear processes require careful control over beam quality for efficient wavelength
conversion. This is not an issue for the present device. Third, the requisite thermal
control is easily achieved by flowing the dye solution. The dye laser is not limited by
thermal conductivity of the gain medium; a fresh volume of dye solution is available for
each pulse. In addition, we have developed strategies to minimize waste heat deposited
in the laser solution. Finally, changes in detector wavelength are readily
accommodated. A great deal of work is ongoing to develop wide-angle, narrow-bandwidth
detectors operating at other visible wavelengths (e.g., Fraunhofer lines). If a superior
detector is identified at a later time, we simply need to change the dye solution (and
possibly the optical coatings).

Features of the Design

The end use of this laser requires that it be relatively compact and run unattended
for long periods of time "on color". As a result, a premium was placed on system
efficiency, simplicity of design, and long service life.

For the past few years, ARL has made considerable progress in improving the design
of the laser head itself. This ha' culminated in a compact, modular structure which
efficiently uses the flashlamp pump light both spatially and spectrally. The most
significant features are a nonimaging flashlamp reflector and spectral conversion of the
pump light. The reflector has a special shape which allows uniform pumping of large
active volumes, resulting in high output energies. Beam quality measurements on a device
with this reflector design have shown excellent spatial properties of the output, 1

which confirms the pump uniformity.

Significant increases in energy output have been demonstrated by using a second dye
solution to convert some of the broad (nearly blackbody) pump flux into the absorption
band of the laser dye. 2 Although the percentage improvement depends on the dye
concentrations, we have demonsrated increases of a factor of two for conditions of
interest.

3

Laser Head

For purposes of discussion, we have included a photograph of the laser head
designed for this work (Figure 1). The head contains a three-channel dye cell in the
form of a planar sandwich.3 The laser dye flows through the center channel, while the
converter solution uses the outer ones. This geometry provides excellent optical
coupling of the converted photons, since > 80% make at least one pass through the laser
dye and about two-thirds are trapped in the sandwich by total internal reflection. The
latter therefore have many opportunities to be absorbed in the lasing solution. There
are two additional advantages of this approach. First, the converter solution absorbs
much of the waste heat and conducts it away. In fact, the converter channel
significantly reduces both the absolute value of the waste heat and the differential heat
deposition across the gain medium (important for good beam quality). 3 Secondly, the UV
light from the lamp, which accelerates the degradation of the laser dye, is filtered
out. The life of the converter dye is much less critical, since its function is simply
to fluoresce through a relatively short path length (on the order of millimeters).

The inlet flow hardware, which is the result of much development, includes a
specially contoured flow nozzle and flow-straightener screens. The latter are needed to
break up any large-scale turbulence in the flow, which would degrade optical quality. We
have monitored the flow quality in such devices using a HeNe in double pass and
projecting the beam into the farfield. Comparison of the resultant spatial profile with
that of a perfect (1 x DL) beam has shown Strehl ratios on the order of 0.8.

The head contains a total of six flashlamps, three per side. This number is chosen
to achieve the desired output consistent with the life requirements given earlier. An
advantage of multiple lamps is the graceful degradation of performance in the event of a
lamp failure. In one- or two-lamp systems, failure of a single lamp disables the
device. It is worth noting that with the nonimaging reflector, loss of a lamp does not
leave a hole in the pump profile because each lamp illuminates an extended region of the
gain medium.
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Resonator

The requirement is for a design which can achieve the desired spectral properties
and is conducive to a feedback-control loop to correct for wavelength drift. The design
we have chosen, which is similar to the Hansch resonator, 4 is depicted in Figure 2.

The only tuning element is a large grating operated in Littrow. A cylindrical.
Galilean telescope expands the 3-mm width of the beam to fill the grating. This not only
utilizes the full resolving power, but also reduces the fluence levels and provides a
nearly square output beam. The grating has a resolving power of about 4.9 x 105 , which
corresponds to a single-pass bandwidth < i0 mA at 460 nm. The observed bandwidth of
tuned dye lasers is often less than would be expected based on the single-pass
calculation because of gain narrowing.4 ,5

The grating is mounted on a PZT-driven rotary stage for fine adjustment. A
feedback loop based on a Cs fluorescence cell monitors drifts in output wavelength and
corrects the grating angle to achieve the desired stability. Control software developed
in this work is capable of effecting corrections at the peak rep rate of the laser.
Correction at this rate, however, is probably not needed. Our past experience with a
flashlamp-pumped dye laser operating at an atomic resonance line has shown that the
dominant wavelength shift is a slow thermal drift, which can be corrected on a time scale
on the order of seconds.

Flashlamp Driving Circuitry

The flashlamp modulator is based on conventional technology, and utilizes
flowing-gas spark gaps to switch the voltage. Spark gaps were chosen over thyratrons
because of the RMS and peak current requirements together with the need for compactness.
A one-lamp driving circuit configured as shown has been operated at 40 Hz for extended
periods and at 80 Hz in bursts with a jitter < 200 no.

Dye Replenishment

With dyes that are presently available, the service life of three million shots
requires a subsystem to replenish the dye solution. To this end, ARL has developed a
patented scheme for cleaning a portion of the dye solution without interrupting the
operation of the laser. 6 This approach can be seen in the flow diagram of Figure 3.
The replenishment system consists of the elements in the right-hand side of the figure,
namely the charcoal filter, concentration monitor, metering pump, and dye concentrate
reservoir. A small fraction of the dye flow from the main reservoir is diverted through
an activated charcoal filter. The filter removes virtually all the dye and degradation
products in one pass. Before the clean solvent is reintroduced into the main reservoir,
L small amount of dye concentrate is metered in to establish the desired concentration.
The concentration is checked with an on-line monitor, which switches the metering pump on
or off, as needed. The resulting fluid volume of the laser system is much smaller than
it would be if the main reservoir was simply enlarged to provide the desired number of
shots.

In the above approach, a certain level of photoproducts is tolerated in the dye
solution, and therefore the laser is not operating at full output. (Steady state is
reached when the rates of generation and removal of degradation products are equal.) The
overall size of the dye replenishment system depends on the service life, dye life,
operating point, and dye removal capabilities of the carbon. Data taken in our
laboratory show that a suitable replenishment system will not significantly add to the
volume and weight of the overall system. Furthermore, the dye and carbon cartridges can
be replaced easily in the field.

System Components Limiting Service Life

The major life-limiting components are the spark gaps, flashlamps, and dye
solution. The dye solution was discussed immediately above, so we will focus on the
first two.

The life of spark gaps is usually quoted in terms of coulombs tranferred or
"switched". For commercial flowing-gas gaps, the life is > 35,000 coulombs. Under the
present design conditions of 8.5 mC/shot/gap, the useful life exceeds 4 x 106 shots.
Still longer life is achievable through improved materials of construction, e.g.,
tungsten instead of molybdenum for the electrodes, and pyrex in place of polycarbonate
for the main body.
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The life of flashlamps is typically given as the number of shots required for the
light output to drop to a certain specified level. This depends of course on the lamp
size and loading. There is an empirical model well-known in the industry 7 and verified
at Avco. Using this model, the lamp life may be written:

N =0.2
90E

N9 0 is the number of shots for the light output to decline to the 90% level, "A" is the
bore surface area (in cm2 ), "t" the pulse duration (in see), and "E" the energy (in J)
delivered to the lamp. K is an empirically determined constant; measurements in our
laboratory yield a typical value of 8500 J/cm 2 /sec0 -5. The present design has 5-mm
bore x 18" long lamps, a 2-ps electrical pulse, and 120 J/pulse/lamp. This yields
N90 > 3.8 x 106 shots.

Preliminary Results of Laser Performance

The results to date were taken either single-shot or at low rep rate (0.5 Hz) for
purposes of initial characterization and system checkout. The first measurements were
made with a short, broadband resonator and 50% feedback. An unoptimized output of 4.4 J
was achieved in a 2.5 us pulse (Figure 4) with Coumarin 450 (1.2 x 10 - 4 M/1) in
MeOH/H20 as the laser dye solution. The laser free-ran near 460 nm.

Tuned measurements were made with the resonator shown in Figure 2. The cavity was
aligned with an Ar-ion laser tuned to 458 nm, which is quite close to the target
wavelengths of 455 and 459 nm. Because of the longer resonator and consequently higher
threshold, the pulse duration is shorter than in the broadband case. A representative
trace of the output is shown in Figure 5, together with the major experimental
parameters. The output energy of 1.6 J/pulse is not optimized, as will be discussed
later. Simultaneous bandwidth measurements were made as depicted in Figure 6. A small
fraction of the output was incident on a diffuser plate and analyzed by a Fabry-Perot. A
lens brought the transmitted light to focus, and the ring structure was displayed on a
reticon area camera. A framegrabber board in a PC acquired the spatial profile: special
software analyzed the results. A monitor was available for viewing the profile in real
time. Figure 6 also contains a portion of the fringe pattern seen on the monitor. The
measured bandwidth (FWHM) is 4 GHz (30 mA). This is rather close to the goal of
10 mA and was achieved without significant adjustment of the telescope elements.
Careful adjustment during repped operation is required for minimum bandwidth, and should
result in improved values. The resonator is designed to allow the addition of a single
etalon, if needed, to reduce the laser bandwidth. Our preliminary results, however, show
that this will probably not be needed. We also see no effect of rep rate on bandwidth in
these early measurements. Data taken single-shot and at 0.5 Hz were essentially
identical.

It was mentioned above that the output energies achieved to date are not
optimized. Since the maximum output depends on the two dye concentrations as well as
resonator feedback, the correct procedure would be to obtain data on energy as a function
of output coupling for a number of different dye concentrations. There is evidence that
generating this matrix will lead to increased outputs. An experiment was performed in
which the grating was replaced by a series of conventional partial reflectors. For the
same dye concentrations that yielded 1.6 Joules, the energy output was found to be 20%
higher for R = 0.25 than for R = 0.65 (the grating feedback). The output can also be
improved by reducing the water content of the solvent mix.

Summary

In this paper, we have described a flashlamp-pumped dye laser designed for high
average power at an atomic resonance line and long service life. Initial
characterization has yielded promising results: broadband output in excess of 4 J/pulse.
and tuned output greater than 1.5 J/pulse at 458 nm and 30 mA bandwidth. System
optimization is in progress and should result in improvements in all these numbers.
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Limits on Efficiency of Optically Pumped Dye Lasers*
Patrick N. Everett

Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, MA 02173-9108

Abstract because of the consequently high spontaneous
emission. This is particularly significant for dye

The efficiency of transferring energy from the lasers because ISATr is generally high. The values
pumping flux to the lasing flux in a dye laser is of aE and 'teff for Rhodamine 6G3 at 600 nm,
investigated. Useful relations are developed for are aOut 1.3 x 10- 16 cm 2 and 3 x 10-9 s, leaoing
quantum efficiency and loss from dye degradation, to ISAT equivalent to 0.9 MW/cm 2. These results
with nine key dimensionless parameters introduced are obtained from a first order quasi-steady-state
to express the competing loss mechanisms. The analysis, ignoring loss mechanisms other than the
modeling adds insight and helps optimize inherent spontaneous emission. Note that, since
performance. aLE is wavelength dependent, ISAT will vary with

tie lasing wavelength. If a laser is tuned away
from the peak of the emission curve, then 'SAT

ln rgdluction will increase. In the following we will develop an
approach for handling other loss mechanisms in the

It has been shown (see Siegman, p. 293) 1, from dye, and discover the importance of nine
a first-order steady-state rate analysis of the most dimensionless parameters. This extends an earlier
significant transitions, that the exponential gain gL publication. 2

is related to the small signal value gLO by the
relation We will examine an element of dye immersed in

gL = gL0/( 1 + IL/[SAT) , (1) fluxes of pumping and lasing photons, and develop
conditions for efficient conversion of pump

where I is the lasing photon intensity, and 'SAT photons into lasing ones in terms of the
is the sa t uration value of the lasing intensity, at dimensionless parameters p.. This conversion
which gL has dropped to half of gL0" Also, the ratio will be called the lasing huantum efficiency
ratio R of induced to spontaneous transitions is T1 L. Useful insight will be gained from an
given by approximation, valid when all the pij values are

small, of the form 11L = 1 - ,(Pij).R = ILteffOfLE = IL/ISAT, (2)
Each of these parameters p.. is associated with

where 'rff is the natural lifetime of the excited a particular loss mechanish. Nine will be
state, and a is the cross-section for stimulated identified, and a framework will be set up for
emission. ItTollows immediately that the quantum introducing others if judged to be significant. Most
efficiency TIL of converting absorbed pump of these parameters will contain the lasing intensity,
photons into lasing photons has an upper bound the pumping intensity, or a ratio of them, as well as
given by a ratio between two dye parameters. Hence, the

quantum efficiency can be optimized by appropriate
TIL < 1/(1 + 'SAT/IL) (3) choice of the intensities taking the dye parameters

into account. This will be discussed after we
Thus the lasing process can only be reasonably develop the general relation. Before developing the
efficient if it is running in a saturated mode, with its analysis we will briefly summarize the essential dye
lasing intensity exceeding I5AT , under which spectroscopy.
conditions the induced transitions dominate over
the spontaneous ones. Efficiency requires that Essential Dye Snectroscogv
most of the excited molecules be stimulated down
by lasing photons before they decay Each electronic state of a dye molecule has an
spontaneously. On the other hand, high gain can associated vibronic complex. The non-radiative
only be achieved by maintaining high population in thermalizing transitions are so rapid (about 1011/s)
the excited state, which is inherently inefficient that they maintain a population distribution within

*This work was sponsored by the Defense Advanced Research Projects Agency and the Department of the Air Force.
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each vibronic cornp lex determined by the between the ground and singlet states and can also
Boltzmann ratio (ref. 1, pp 27 and 202) and be absorbed while causing excitation of higher
Schafer (p. 19). At room temperature the singlet and triplet states. The transitions are
population in any occupied complex will have an divided into three groups; arising from the pump,
energy spread of about 4 x 10-n J; whereas, the from the lasing flux, and from spontaneous
typical visible photon has energy of about 4 x transitions. The spontaneous rates from the singlet
10 J. Consequently we expect a minimum yl0 and Y'T are generally of the order of 10 /s,
smearing of about 1% in any observed spectrum but the triplet emptying rate Wr tends to be much
of absorption or emission (about 5 nm in the slower, about 5x 51/s for Rhodamine 6G if
visible). Additional smearing occurs because there is no triplet quenching (ref. 3, p. 59). This
absorption and emission can result from transitions allows population to build up in the triplet state.
into any available vibronic levels of the electronic The resulting absorption of light by the triplet state
states. generally becomes a serious loss for laser pulses

lasting more than a few hundred nanoseconds,
The typical dye laser is a four-level one since unless an effective triplet quencher is included.

the exciting photon lifts the molecule to an upper Fortunately oxygen, which is present anyway
level of the excited vibronic complex, from which it when the dye is equilibrated with air, is a triplet
then decays by a radiationless process to a quencher for at least some dyes (ref. 3, p. 59).
thermally populated level. This is the upper lasing Excitations into higher singlet and triplet states
level, from which it lases or spontaneously decays generally return non-radiatively to their respective
to an upper level of the ground vibrational singly excited levels with high transition rates of
complex, and then goes through a further the order of 1012/s. For our analysis we will
radiationless decay to a thermally populated level, assume the relaxation is immediate.

The upward transitions go through a larger -

energy difference than the downward ones. This N2 N2

causes an offset between the typical spectral , . T _ __

distributions of absorption and emission. Typically O T r T ± T2

the broadening of each is about 50 nm, and the N P N1  N ( = 0
offset is about 30 nm. The broadenings are N
generally asymmetric, with the absorption A NT

approximately a mirror-image of the spontaneous 0  NAN -__ °
emission. In a lasing.situation the gain will tend to N N 0

be higher for transitions into unoccupied levels,
giving a further offset dependent on the levels TRANSITMONS TRANSIONS sPONTANEOUS
available. Typically this lasing shift is about 50 AT PUMP AT LASING x TRANSITIONS
nm from the absorption peak, unless purposely Fig. 1. Transition diagram
tuned by a frequency dependent element.

The spectra are normally "homogeneous" Cross Sections and Freouencv Denendence

because of the rapid thermalization. Hence the If crij(.) were the radiative cross-section for
population rapidly redistributes in any vibrational transition at wavelength X between individual
complex to fill any "holes" in population left by an electronic-vibrational states i and j then we would
outgoing transition. Thus, "hole-buning" in the expect arij(X) = oai(X). However, we would need
linewidth, from intense narrow band radiation, will to keep track of thT populations in all the vibrational
not be observed unless the resultant transition rate levels of all the significant electronic states to use
exceeds the thermalization rate (a rare occurrence). this reciprocal relationship. Our analysis will keep

track only of the population in the various electronic
Significant Transitions states, Ni being the population density in

electronic state i, and a.i(X) being the radiative
The significant spectroscopic processes for the cross-section between eletronic states Ej and E.

dye laser are shown in the eigenstate diagram of We will thus lose the direct reciprocal relationshifL
Figure 1 modeled after Schafer (ref. 3, p. 28) and Put it will generally be observed that the value
Snavely4 . The five electronic states of interest are J y.i(X)dX over each line is at least close to the
the ground, the first and second singlet, and the value of JoTji())dX over the same line, albeit
first and second triplet, with population densities displaced by maybe 30 nm (ref. 3, p. 20). As
N0, N, N2 , NT and NT2 respectively. Each of temperature changes, the thermalized distribution in
these states has its vibronik complex which rapidly the vibronic complexes will vary somewhat and
thermalizes. The pumping and lasing intensities Ip affect the measured values of aj(X). However,
and IL are involved in radiative transitions this is normally a small effect.
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We must allow for the wavelength dependence pumping cycles are longer than 1 ns. A fuller
of each of the cross sections. For our initial discussion of the limits of rate analysis will be
analysis we will assume that the pumping and found in Siegman's book (ref. 1, p. 223).
lasing fluxes are each at a discrete wavelength.
Each cross section will then take the value for the The transitions essential to the operation of the
relevant wavelength, and hence have different laser involve the pumping cross section OPA and
values for the pumping and lasing wavelengths, the lasing cross section 0 LE. The spontaneous
The spontaneous transitions radiate into a transition rate $10 to the ground state is a major
wavelength distribution, but we will be concerned interfering factor, and is inherently associated with
only with the total probability, the other two. We will call these transitions the

"basic" ones. All the other transitions illustrated in
L e g Fi.gre 1 are detrimental to the process. We want to

minimize their effect by choice of dye and operating
In the following analysis we will adopt a conditions.

labeling scheme in which the first subscript will be
P if caused by the pumping flux, and L if caused We will consider an element of dye exposed to
by the lasing flux. The second subscript will be A pumping and lasing fluxes, as illustrated in Figure
or E to denote an absorbing or emitting transition 2. A simple picture will first be obtaine by
between the ground and singlet states, and 1 or T including only the basic transitions just discus
if an absorption from the singlet or triplet to the
next higher state.

Ouantum Efficiencies

The fluorescent quantum efficiency T1F is the L. dL

ratio between the number of photons emitted by
transitions from singlet to ground level to the
number of pump photons absorbed under ,p d Ip
conditions of negligible stimulated emissions. It is -i
given by T1 = yiO/(YI + 7YT). In the case of
Rhodamine 6G the values of 0 and YIT are
about 2.9 x 164/s and 2.0 x 10Vs, respectively. ,
Hence Tl 0.93, which is very close to the value
0.92 cited by Snavely (ref. 3, p. 90) as having been
measured by F. Grum at Kodak Research L
Laboratories. When a laser is working optimally, Fig. 2. Dye element
the number of stimulated transitions from the
singlet to the ground state exceeds the spontaneous
ones. Hence it is theoretically possible for the assuming discrete frequencies of pumping and
lasin q u flasing. These basic transitions involve OrA, oLE,
terse quantum efficiency to be much greater than and yiO. We will then develop the analysis to
the uorscandidate should not be dismissed solely on include all of the transitions shown in Figure 1;

grounds of low fluorescent quantum efficiency. then further develop it for handling pump
power with a distributed spectrum, as occurs in

Rate Equation Analysis flashlamp-pumped lasers. We will develop
relations for gain, saturation, and lasing quantum

Application of rate-equation analysis, based efficiency. The same framework will alw adding
upon knowledge of cross sections and transition- further loss mechanisms if thought significant. We
upobabiole allowrs onrstandingnsofithewill use conventional rate analysis, and follow theprobabilities, allows good understanding of the aprchoHrgvendK",ndsumqai

processes involved (ref. 1, p. 25). To keep the approach of Hargrove and Kan , and assume quasi
equations uncluttered with hv we will generally steady state to make it more tractable. This is valid
use photon intensities (i.e photons cm- 2 s-1) rather because the transition rates will be much faster thanthan power densities. However, we will switch to the rate at which the pumping flux will change,

with the possible exception of the triplet-emptying
power densities when more convenient, rate yTo. However, there will normally be a

quenching agent (such as oxygen) present in a
The rate equation approximation applies practical laser, which will make the effective value

whenever the rate of change of population is slow of yin sufficiently high that the assumption will be
compared with the natural linewidth. This satisfactory. Homogeneous broadening will be
condition is generally met since dye natural line assumed.
widths tend to be about 2 x 1013 Hz, and typical
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Gain and Saturation - Basic Transitions which is in agreement with Siegman (ref. 1, p.
293).

In quasi steady-state, the population densities
will remain almost constant on the time-scale of the The exponential gain seen by the pumping
various transition rates, so conventional rate photons, ignoring bulk absorption because of the
analysis yields the following as a good typically short pumping path, is
approximation.

NIN 0 = IPaPA/(ILaLE + o10) (4) gP = - NOOPA. (14)
whereIpand IL are tpun ngand s We expect this to be negative, since pumping

where IpadIar the j photonsping and a rsing
photon intensities respectively (potons cm-2s-1 photons are absorbed.
The lasing exponential-gain coefficient is Qantum Efficiency - Basic Transitions

gL = NICLE (5) Suppose the lasing intensity IL is flowing in
direction z, and the pumping intensity Ip is

Hence, in terms of No it is flowing in direction x, as shown in Figure 2.
Then the photons dNL added to the lasing flux,

gL = NOOLEIPaPA/(ILOLE + '10) (6) and the photons dNp removed from the pumping
flux, in te element of dye, are respectively

and "small signal" gain gL0 (putting IL = 0) is dNL dI(dxdy) = gLIdz(dxdy) , (15)

gLO = NO7LEIP(YPA/Y10 • (7) and

Therefore, the saturation behavior is described by dNp = -dlp(dydz) = - gplpdx(dydz). (16)

gL/gLO = 1/(1 + l/PsJ) , (8) Hence, the lasing quantum efficiency is

introducing the dimensionless parameter Ps i  
11L = dNL/dNp -- - gLIL/(gplp) . (17)

Psi = Y O/(ILOLE) - (9) So from relations Eqs (6) and (14)

It has value unity when the exponential gain has 1 = ILaLE/(ILLE+io) (18)
dropped to half the small signal value. It is the ratio
between spontaneous and stimulated transitions to
the ground state. Since ISAT is the lasing intensity Eq. (9) then gives
that causes the exponential gain to drop to half of its
small signal value, then 11L = 1/(I+Psl) (19)

ISAT = Y10/OLE photons cm "2 S- 1.  (10) From Eq. (11), Psi = ISAT/IL' so the above is
consistent with the earlier Eq. (3). If the flow

This is consistent with Eq. (1), since from the directions are chosen differently, the same relations
above two relations will always be obtained.

Psi =IsATflL" (11) Gain and Saturation - Including otherLosses

Since cff = 1/E'lj and y'1 dominates, then We will now revisit the relations for gain and
efficiency just developed, adding the effects of all

Teff 1/,10 . (12) the other transitions shown in Figure 1. As the

Hence analysis progresses we will keep finding the
dimensionless relationships appearing that are listed

ISAT = 1/(effOLF) photons cm 2 s-1, (13) in Table 1.
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Equation (24) is more complex than the earlier Eq.
(6 obtained when only the basic transitions were

TABLE 1 considered. But it becomes identical if all the Pij
List of Dimensionless Parameters terms except Psi are equated to zero.

Pumning - Including other Losses
Symbol Description Paramet The gain seen by the pumping photons, ignoring
Ps 1 Spontaneous singlet YlO/(ILOLE) bulk absorption because of the typically short

PST Spontaneous triple Y1T/(ILaLE) pumping path, is

gp = NI(aPE - apl) - NTapT - NOcPA . (25)
PLI Lasing absorption singlet (L I/(OLE We expect this to be negative, since pumping
PLT Lasing absorpt. triplet ((OLTY1T)/(GLEYfo) photons are absorbed. Again using Eqs. (21) and
PLO Lasing absorpt. ground (ILGLA)/(IPOPA) (22) to eliminate N1 and NT . and making pj

substitutions from Table 1, we obtain gP~a Lasing absorption bulk (kIL)/(NolpapA)
-NaP{ (1+PL0)(PPX- P.-pn) '

Ppi Pump absorption singlet (IPoP1)/(ILaLE) gp = -N P - (26)1 (l+Ps,+psr+px) .26

ppT Pump absorpt. triplet (IpFPTy 1T)/(ILOPLEiT)
S Pump stimulated singlet IPoPE )/(L(LE This is again more complex than Eq. (14), but

becomes the same if the Pij terms other than ps1
go to zero.

The rate equations now give, for quasi steady- Ouantum Efficiency - with Other Losses
state equilibrium of the first snglet population

The ratio of lasing photons gained to pumping

N1 = (IPOPA + IL(LA ) photons lost in the cell, from Eq. (17) is still

No (ILOLF + IpOPE + Y10 + TIT) = - gLIL(gpIp) . (27)

i.e., Hence, from Eqs. (24) and (26), making the Pij

N IPPA (1 + PLO) substitutions,
No ILO(+Ps+Psr+Px)" (21) g -- (A- B)/(C- D)

where the terms pi - are defined in Table 1. In wherequasi steady-state -R the triplet population NT (no A = (1 + Pi0( 1 "Li PLT)longer zer we have B = (PLO + PLB)( 1 +Psi +PST +PPx)
C = (1 +PSI +PST +PPx )

NT.(N,)(T)(2)D = (1 +puo)(ppx pp1 -pip) .(28)

No 0  YTO bThis is the rate equation result with no additional
The gain, for the lasing light, taking all approximations. If we now assume that all pij < <

th exponential ccinth s I we obtain the first order solutionthe transitions into account is

gL = N,(O-LE OLI) - NTaLT - NOOLA - k. (23) 'L 1 - PSI -PST PPI PPT PLI PLT PL (29)

Using Eqs. (21) and (22) to eliminate N, and NT, This is useful for assessing whether any individual
and making pij substitutions from Table 1 gives loss is significant. Later we will find that, even

with a good dye such as Rhodamine 6G, it is hard
NoIp(P ( 1 + PLO)(' -P-PLO to ensure that Ps1 and PLT satisfy the smallness

gL= IPsPA r -PL-PL) (24) criterion. Also, we will want to investigate the
IL F+Psi + Psr+ PPX)PLO PL3 impact of PLB rather closely. If we restrict
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ourselves to assuming all the others are small, then In some cases, where beam quality is not of
we obtain the intermediate approximation great importance, the dye concentration may be

increased to a point where much of the pump light
in the tails of the dye pump band is absorbed. In

1- PLI - PLT -PLB - PsI (PLO + PL1) such a case the pump intensity, and its spectral
PLTPLO - PUIPPX distribution, will vary rapidly with depth into the

-PPT +P + (30) dye. The appropriate approximation will then be
'1+PSI + PST + PPI + Pr more complicated. The uneven heat deposition in

such a situation degrades the beam quality and so is
It is still somewhat easier to assess the impact of the not usually an attractive way to run the laser.
individual components in this relation than in the
accurate form of Eq. (28). Dye Degradation

Note that each of the loss parameters is made up As the dye solution ages in the intense
of ratios between pairs of cross sections and illumination, there is a tendency to form products
transition rates, usually modified by the ratio ILfip, which absorb at the lasing wavelength and so
IP/IL, or by IL alone. Never does a single dye diminish the output. This loss is described by
property appear on its own. Also, different dyes PLB- Let us differentiate Eq (30), which is the
may perform best with different values of IL and approximation allowing for significant values of
Ip. Consequently, we should beware of Pin, to obtain
comparisons between dyes which do not include

re-optimization of both IL and Ip. dl.L . (I+ PsI+PPX) (31)

Effect of Dye Concentration dpLp (1 + PsI + PST + PP + PP (3

The only loss parameter containing a population In terms of the loss coefficient k this becomes
density is the bulk loss P'B. Even that one may
wash out if the contaminaion arises from the dye
molecules, since k may then be proportional to dTIL _ IL(I+Psi + Ppx)
N0. The dye concentration may be kept as an open -- NOiPaPA(l + PSI + PST + p, 1 +p ) (32)
parameter for optimizing the pump absorption
profile. If too concentrated, the inner dye
molecules will see low ILI causing inefficiency. f Thp degradation proceeds more rapidly as the ratio
too dilute, the pump energy will pass right through. Ia]Ip is increased. With flashlamp pumping, this
Clearly the optimum concentration will be inversely ratio is inevitably high, since it is hard to exceed Ip
proportional to the pumping depth. The =30 kW/cm 2 and efficiency requires IL > ISAT
insensitivity to dye concentration justifies (about 1 MW/cm 2 for Rhodamine 6G). However
approximating the total population as No rather than with laser pumping, IJ/Ip can be much closer to
as the sum ofN 0 , N, and NT. unity, so the degradation can be orders of

magnitude slower. The No factor also will usually
Generalize for Spectrally Broad Pump favor the laser pumping situation because of the

typically higher concentration used.
So far, discrete optical frequencies have been

assumed for all the fluxes. This will be sufficiently For the reasons just discussed, we expect the
accurate for the lasing intensity ILI but not for VF output loss as the dye ages to depend upon the
if pumping with a conventional source. However, operating conditions. This may explain the varying
alfthe relations and oefficients can be generalized conclusions on the life of individual dyes obtaine

by substituting aI p(X)a-.(X)dX in Table 1 by different experimenters. Note that loss of dye is
wherever the produIt IpAui 2ppears. The spectral generally a small factor in the degradation since No
dependence of any crosd section a (.)will appears only in the PLB loss parameter.

generally vary more rapidly than that ofhe lamp's
spectral photon intensity Ip(k), so an III j
approximation for the integral may be made as
follows. Equate the integral to I'p.(X) a'i(X).AX In an "ideal" dye we would be able to find
with the components as follows. I'pki(Qy is the working ranges of IL and Ip which would result
local value of the spectral pumping intensity in the in all the values of all p. << 1. The designer's
regime cf the spectral feature, * .(X) is te peak task would then be to enshre that all elements of
of the spectral feature, and AX W its bandwidth dye are exposed to lasing to obtain a quantum
(fwhm). lasing efficiency close to unity. The penalty of

small departures from those conditions would be
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apparent from Eq. (29). In practice, all known complications of entire spectra that are harder to
dyes depart from the "ideal", and lasing quantum find, see also R. E. Schlier9 and T. H. Koch10 .
efficiency is generally less than 70%. Then, while Further information on cross sections for various
Eq. (29) becomes an inadequate approximation, it dyes is given by T. G. Pavlopoulos and P. R.
will still allow qualitative insight into which loss Hammond I' and S. T. Gaffney and D. Magde' 2 .

mechanisms are significant. If all the significant P. R. Hammond 13 . 14 15 discusses detailed
dye parameters are known, then the better spectrum of Rhodamine 6B and Rhodamine B. A
approximation of Eq. (30) should allow a quite list of quantum yields of many dyes is given by A.
accurate forecast of the lasing quantum efficiency. N. Fletcher (ref. 7). Quantum yields, lifetimes,
For the most precise optimization the accurate form and dependence on solvents is given by G. Jones
of Eq. (28) is needed. All of these relations lend II, et al. 16 . Absorption in the solution from
themselves to easy manipulation in a personal reaction with 02 is discussed by R. E. Schwerzel
computer. and N. A. Edie t 7 . Triplet quenching, with

examples, is discussed by J. B. Marling, et
The high brightness from laser pumping allows al. 18 ,1 9 . Triplet coefficients, and their

almost almost unlimited choice of Ip. Selection of measurement, are discussed by Schafer (ref. 3,p.
feedback in an oscillator, or input signal in an 155). Formation of absorbers is discussed byP.
amplifier, also allows almost unlimited choice of R. Hammond 2 °a and by B. H. Winters, et a. 20b

I . The real limitation will generally come from Photophysics and photochemistry of a number of
damage or non-linear effects. coumarin dyes have been analyzed by G. Jones II,

et al. 2 1-26. For selection of a dye for a particular
Pumping with a flashlamp, however, usually lasing frequency and mode of operation, see papers

limits Ip to a less than optimum range. The by A. N. Fletcher (refs. 6 and 7) and by P. R.
irradiance entering the dye is always less than the Hammond, et al. 8.27.28 . Effects of solvent
irradiance surrounding the lamp (sometimes polarity, viscosity and surfactants, have been
referred to as the Brightness Theorem). It is still investigated by G. Jones 11, et al. (refs. 24 and 25).
possible to obtain high values of IL , but the The listed authors have also published other useful
resulting high ratio I,/lp may increase the values papers. Further information on many aspects of
of PLO and PUB (lasing losses from ground state dyes is in the Proceedings of the Dye LaserlLaser
and bulk absorption) to a point where they Dye Technical Exchange Meeting, 1987.29
adversely affect the efficiency and the degradation
rate. Example Analysis for

It has been shown that a high level of Ip

throughout the dye is needed to obtain reasonable Rhodamine 6G is the most completely
efficiency. This is hard to achieve if pumping from documented laser dye, so we will use it as an
only one side, or from one end, unless a large example. Its parameters are listed in Table 2. The
portion exits unused. If pumping is from both cross sections for the pumping are given at the
sides or ends, the uniformly high pump flux can be wavelength corresponding to the peak value of OpA
obtained with little loss at the exit, since the fluxes at 530 nm, and the lasing cross sections at an
flowing in opposite directions add, However, if assumed lasing wavelength of 600 nm. If
laser pumping, care has to be taken to avoid pumping with a laser (such as frequency-doubled
standing waves, and consequent nulls, as a result Nd:YAG), then we can consider discrete
of the coherence. frequencies for the lasing and pumping fluxes. If

pumping with a flashlamp then it is appropriate to
At present this modeling has limited value, use the approximation for Ip discussed above.

because a large portion of the parameters are known The pumping bandwidth is taken as 50 nm
for only a few of the commonly used dyes. (fwhm), and the useful pump power is that within
Hopefully, in the future this situation will improve this bandwidth. This assumes use of a pyrex water
so that dye comparison and laser optimization will jacket preventing pumping to the higher excited
become less empirical. states.

The author acknowledges with gratitude the The value for yTO in Table 2 assumes the

information from D. E. Klimek of Avco Textron presence of oxygen for triplet quenching, as a result

Research Laboratory, which was used in the of equilibration with air. Without sucg quenching
its value would be orders of magnitude lower,

preparation of the following list of resources for resulting in a value of PLT so large as to prevent
dye information: Papers by A. N. Fletcher6 7, P. sustained lasing.
R. Hammond 8 , F. P. Schafer (ref. 3), and the

current Exciton Corporation Catalog give locations Using the dye parameters from Table 2, the
of fluorescence and absorption maxima. For values of the various pij , the population ratio
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between the excited singlet and ground state, and associated optimum IL can be generated. In an
the estimated quantum efficiency, for various amplifier, IL can b.e controlled by optically
combinations of IL and Ip are shown in Table 3. expanding or contracting the beam to be amplified
For convenience, the values of IL and Ip are and in an oscillator by controlling the feedback.
presented as power densities instead of photon The general limits will come from how high a pump
intensities. The same central wavelength and power density can be obtained, and how high a
bandwidth are used for all the pump loss lasing power density can be withstood by the
mechanisms. All photons outside that band will be optical elements. Both of these limits become
considered lost anyway. It is hard to obtain even lower with longer pulses.
30 kW/cm 2 into the 50 nm pump bandwidth,
hence the 1 MW pump intensity of Table 3
corresponds to laser pumping. TABLE 3

Values of pij and 11L for Rhodamine
TABLE 2 6G Example

Dye Parameters for Rhodamine 6G (Using dye values from Table 2)

Ip 10 kW/cm 2  30 kW/cm2  1 MW/cm 2

Param. Description Value.* &Lf ILM 1 W/cm 2 3 0 .5 4 2 I0 1.5 4

pA Pump absorption 4.5x10-16 cm2. 13 ILMW/cm 1.5 4 10 1.5 4 10 1.5 4 10

cLA Lasing absorption 1x10 "19 cm2  13 Psi .49 .18 .07 .49 .18 .07 .49 .18 .07

apE Pump emission 2x10-17cm2  13 PST" .03 .01 .01 .03 .01 .01 .03 .01 .01

cLE Lasing emission 1.3x10 16cm2  13 PLI .08 .08 .08 .08 .08 .08 .08 .08 .08

CPi Pump singlet absorption 4x10"17 cm2  13 .31 .31 .31 .31 .31 .31 .31 .31 .31

'IL1 Lasing singlet absorption lxlO-17cm2  13 PLO .04 .10 .26 .01 .03 .09 .00 .00 .00

rpT Pump triplet absorption 1xl0 17cm 2  30 PLj .08 .20 .51 .03 .07 .17 .00 .00 .00

aLT Lasing triplet absorption 4x l0 17cm 2  30 .00 .00 .00 .01 .00 .00 .18 .07 .03

ppT .00 .00 .00 .00 .00 .00 .05 .02 .01
Y0~ Singlet-gouiw spotaeous 2.9x1s 13 PPX .00 .00 .00 .00 .00 .00 .09 .03 .01

Y1 T Singlet-triplet spontaneous 2.0x10 7/s 30

YT0 Triplet-ground spontaneous 2.0x10 7/s** 30 N 1 /N0  .014 .007.003 .04 .02 .01 1.2 .61 .28

'IL eq (28) .30 .26 .005 .37 .43 .36 .35 .48 .55
k Bulk absorption 0.002/cm a

No  Population density lx 101 6/cm 3  b

* Pump at 530 nm, lase at 600 nm.
** Value estimated for equilibration with air
a This corresponds to 0.2% loss per cm. k -0002cm k 0 002 cm

bBased on 2x0 mlr 05 -P =02 MWsqcm - 05 LASER PUMP NG REGIME
U. P P50kW'sqc 0 IP M 1 MW'sq CmLL 1P 3W s c msq m

w 04 -m 04

The lasipg quantum efficificy is ulottd as a = 032 03 ifunction o L and 1p in Igure , using the 2

accurate relation of Eq. (28). These curves help M 02 REGIME 00

establish the trade-offs, but the impact of the 2 01o m 01
individual loss mechanisms is now less transparent. - 00 I

From the curves, the importance of having IL > 0 2 4 6 8 10 -1 0 2

ISAT is clear. A parameter space can be selected on LASING INTENSITY, MW/cm 2  LASING INTENSITY, MW/cm2

the plot in which one can operate to maximize
efficiency. It can be seen that increasing Ip can Fig. 3. Efficiency depends on conditions
always produce higher efficiency provided an (Rhodamine 6G example)
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The cross-sections are wavelength dependent, so deterioration in output will also be faster if a dye is
if the laser is tuned to a different wavelength the tuned away from the peak emission, because of the
curves will change. In particular ISP will wavelength dependency of the cross sections and
increase as a laser is tuned from the wavelength of hence of the p parameters.
peak spontaneous emission.
Population Distribution and Effect on 0

Z 0 6  20=60M~sqc
Lasing Wavelength W0 0 I- MW/sqcm

005 IP = 20kW'sq cm 05
LU. (Flashamp Pump) i IL = 6 MW/sq cm

When pumping with a flashlamp, the attainable 04 04um_ _
IL = 2 MW/sq cm

value of 1is orders of magnitude less than the O3L=2Msqm~030.
value of IL needed to ensure IL > 'SAT- Since 3 02 02
0 pA and dLE have approximately the same value, 0 2L= 1 MW sq cm IP 1 MWsqcm

itfollows from Eq. (21) that most of the population ° 01 I L = 3 MW'sq cm 01 (Laser Pump)

will remain in the ground state. This means that i IL =5 MWsq cm\

absorption by the ground state is then a significant - 0 001 002- 0 001 002

factor, which tends to push the lasing to longer ABSORPTION COEFFICIENT, k cm
1 ABSORPTION COEFFICIENT, k cm"1

wavelengths. With laser pumping, I can be
much higher, leading to a higher ratio &1/N0 as Fig. 4. Dye degradation also depends on
seen in Table 3. Consequently, ground state conditions (Rhodamine 6G example)
absorption will be less significant and the lasing
will not move so far to the longer wavelength.

Dye Degradation
Dye lasing efficiency has been modeled in the

It will be seen from Table 3 that at the lower preseice of the many competing transitions, and
values of Ip, associated with flashlamp pumping useful conclusions drawn. Nine dimensionless
the impact of the bulk absorption term pR is much parameters have been introduced to reduce the
more significant than it is at the higher V~ues of Ip complexity. The approach will allow other
that would be used with laser pumping. It also suspected loss mechanisms to be introduced into
depends considerably on the precise details of the the framework. It is shown how performance,
power levels in the lamp pumping regime. Hence, including degradation, is affected by the operating
not only will the performance be affected much conditions. Useful insight is obtained from the
more by a given amount of dye degradation with a relations, and optimization will be aided. Care is
flashlamp pumped dye laser, but the effect will be needed when comparing laser dyes, since they may
very dependent upon the details. Unfortunately the optimize under different operating conditions.
trade-off that increases IL to reduce Psi also
increases PLB; i.e., reducing the spontaneous
losses can increase the degradation problem. This Acknowledgment
situation is illustrated in the curves of Figure 4, in
which the photon efficiency is plotted against the The author wishes to acknowledge particularly
bulk absorption coefficient for various values of helpful discussions with D. E. Klimek, D. .
lasing intensity. The curves on the left correspond Pacheco, and R. E. Schlier, as well as S. J.
to Pumping with a flashlamp, assuming Ip = 20 Richardson for preparing the manuscript.
kW/cm . The curves on the right correspond to
laser pumping, with Ip = 1 MW/cm2 . With
flashlamp pumping, the higher values of lasing
intensity give relatively high efficiency when the
bulk absorption is very small. However, as the
value of k becomes higher, as we expect when the 1. A.E. Siegman, "Lasers" (University Science Books,
dye degrades, then the efficiency drops off much CA, 1986).
more rapidly than when the lasing intensity is 2. P. N. Everett, in Proceedings, Dye Laser/Laser Dye
smaller. The optimum value of I is quite Technical Exchange Meeting '87, J. H. Bentley, Ed.
different for the badly degraded dye. ahe slopes (Special Report RD-DE-87-1, AMSMI-RD-DE, U.S. Army
show a 10-fold variation in degradation rate. Care Missile Command, Redstone Arsenal, AL, 1987) pp 506-

should be taken to optimize the feedback of a 524.
flashlamp pumped dye laser only when the dye is
fresh. The curves for the laser pumped case yield 3. F. P. Schafer, Ed.: "Dye Lasers," 2nd rev. ed., Topics
much slower deterioration in output as the dye Appl. Phys. 1 (Springer, Berlin, Heidelberg, 1977).

solution becomes more absorbing. The
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Performance and Modeling of a Flashlamp-pumped Dye Laser with
Aqueous Acetamide as a Solvent*

Patrick N. Everett
Lincoln Laboratory, Massachusetts Institute of Technology

Lexington, MA 02173-9108

Abstract Dezauzier et a16 demonstrated improved
performance of Rhodamine 6G in aqueous

Further information is presented on performance acetamide solution. Some activity as a triplet
of a 300 Watt, 6-beam, dye laser reported at last quencher was suggested by de Witte. Detergents
year's conference. The use of Acetamide as a dye also reduce dimerization and may act as triplet
solvent is discussed. The lasing results are quenchers. 7  But the sudsing action can be
coupled with modeling of flashlamps and dye, to detrimental.
demonstrate a useful approach to design of dye
lasers. Lamps may be driven harder than This system initially used a 50% methanol/water
traditionally accepted. mix as the dye solvent. But the perceived danger

of storing 1200 gallons of flammable liquid,
Introduction pumping it at 360 gpm through 12 dye laser heads,

and exciting it with 24 flashlamps at 40 kV, began
Last year, the engineering and performance of to dominate the project. At the suggestion of B.

the initial beam of a laser system being built at an Kirstein, of SAIC Inc., aqueous acetamide (acetic
experimental field site were reported.1, 2 The laser acid amide) solution was tested as an alternative,
heads were developed by Candela Corporation, although not previously demonstrated with
and the laser power supplies by A.L.E. Systems Coumarin 504. It gave equivalent output
Inc. The laser uses Coumarin 504 dye dissolved in performance but with shorter dye life. The shorter
aqueous acetamide solution and is flashlamp life was not a problem since ample dye cleaning
pumped. Each beam, 14 mm diameter, is capability was being installed. However, the
generated in a confocal resonator of optical length limited solubility made it difficult to prepare a
2.5 m, and magnification 2.7. The resonator concentrate for dye replenishment. This problem
contains two laser heads, each powered by a pair was solved, at the suggestion of J. L. Dwyer of
of 2-foot lamps of 7 mm bore. The dye flows Ventec Corp., by milling dye powder in cleaned
longitudinally. The full system will have six aqueous acetamide solvent for several hours to
independent beams, each running at 10 pps, 5 to obtain a finely divided slurry. This dissolves
10 J/pulse, tunable around 508 nm wavelength, within seconds when squirted into a slip-stream of
in 2-.s pulses. Further results will now be the working fluid.
reported. Emphasis will be on the use of
acetamide, understanding the resonator, and The cleaning system, using carbon filters, has
modeling the performance of the dye and lamps. It worked well with the acetamide solution. There
will be shown that acceptable models are available have been hundreds of hours of operation with the
for designing such lasers, and that lamps can be initial fill. This is important because the acetamide
driven harder than some of the existing literature costs $15,000 for one fill and disposal is a
indicates. problem. Hundreds of gms of dye have been used

and cleaned out.
Acetamide and Aqueous Solutions Performance
Water has many desirable properties as a

solvent. It has excellent thermal properties, is non- The good effect of oxygen reported last year,
flammable, inexpensive, and easy to dispose of. and shown in Figure 1, has been confirmed in
But many laser dyes have low solubility in water operation. The curves of Figure 2 show energy
and tend to dimerize. The dimers often absorb at measured in the far-field through various diameter
the lasing wavelength of the monomer and don't apertures with the oxygen at 72% of the sea level
lase well themselves. Crozet and Meyer 3 have content. At twice the sea level value the single
discussed the addition of certain organic laser beam has generated over 6 J total energy,
compounds to suppress dimerization. They, as with more than 2.5 J through a 17 fV/D aperture
well as Megie and de Witte4 , de Witte5 , and (f is the focal length of an analyzing lens, X

*Sponsored by the Defense Advanced Research Projects Agency and the U. S. Air Force.
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6 1 , , , , 1 TABLE 1
tE Optimal Concentration of Dye and Impact

Von LaserL5

o How Energy Estimate Estim. Center/4 . "ISA

TRIPLET Parameter measured Conc.* transv. Edgef ~~~~~~~~QUENCHER . O~e mfBQE. .[_
Optimized (Joules) (MOWar transm. _1p

3 E in 17X D 2 to 2.5J 2.2 x 10 -5  43% 92%
Total En. 5 to 6J >3.0 x 10- 5  <31% <85%

06 08 10 12 14 16 18 20

OXYGEN CONTENT, (Relative to Equilibrium at Sea Level) 5 T

NO BIREFRINGENT TUNER

Fig. 1. Improvement with Oxygen U) OXYGEN 172% OF TOTAL
"L 4 SEA LEVEL

0 DYE DEGRADED 15%
0 21 5 43 pMOLAR

4 -CONC 27 pMOLAR

THROUGH VARIOUS FAR-FIELD 0 > I
S APERTURES. TO COLLECT T0

ANGLE 0 2

02 =72% OF )U IN 16 h iD
O 3 SEA LEVELI-f
0 0 05 10 15 20 25_ij PLATE ENERGY INPUT, kJOULES

,:23 5\/D Fig. 3. Output vs. Input
0 2
( Dye Degradation
-J

The optical density of the dye measured at 550
02 0 032 037 042 047 nm wavelength, in a 1-meter long in-line cell,022 027 0 32 037 042 0.47 increases linearly with cumulative exposure to theDYE OPTICALDENSITY flashlamps, as shown in Figure 4. The loss in

Fig. 2. Performance vs. Dye 026 . .
Concentration 

2 WAVELENGTH 550 nm..j WAVELENGTH 550 n
U1025 r
Uthe wavelength, and D the beam diameter). It has 24

run consistently with more than 5.5 J total output >
and 2J measured through the 17f2/D aperture. r 023
Lensing must occur in the medium during the 0
pulse. It could be at least partially compensated by 022
adjusting the length of the resonator, and thus OPTICAL DENSITY

F= 021improve performance. But pressure of supporting . 1 MEAL EIp . MEASURED "REAL-TIME"

experiments has prevented such development. The 020
optimal dye concentration for energy in the center 0 2000 4000 6000 8o0
o the far field is lower than that for total energy, as CUMULATIVE kJ
seen in Figure 2 and Table 1. The dye Fig. 4. Dye Absorption vs. Exposure to
concentrations are deduced from optical density Lamps
comparison at 450 nm with a known solution.

laser output closely follows the same pattern. TheAll pulse lengths are "full width half maximum" energy drops by 10% for each 900 J of flash
(fwhm) unless otherwise stated. The current pulse lamp energy per liter of dye solution, while the
is 2.6 pts long (slightly underdamped), and optical density of the 1-meter cell increases by
energy through far-fieldapertureof l7f%/D is 2.0 0.02. No change was observed in the dye
pts (slightly longer outside the aperture). Figure 3 concentration, monitored at 450 nm in a 5-mm
shows the relationship between output and in-line cell. During a single pulse, 94 ml of dye
pumping energies. solution in each laser head is exposed to 1,000J

of flashlamp energy. This results in expected loss
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of 71% of output energy, which is not observed Finally, lamp life will be discussed and
in the pulse shape. This has two implications, conclusions summarized.
Firstly, most of the degradation must occur after
the pulse is over (probably from nascent oxygen Resonator Sensitivity to Imperfections
produced by the excitation). Second, when the
system runs at full power, taking into account the The sensitivities have been analyzed, using the
three interchanges of dye between pulses, the dye Kogelnik and Li formulation for Gaussian
solution will emerge degraded to an average loss of propagation. 8 The design values give a solution
28% in output. Thus, a large proportion of the resulting in a collimated zero-order Gaussian
degradation product needs to be removed before output. The amount of change in each parameter
re-entering the lasers. Since the removal process needed to change from collimation to an included
also takes out the dye, then the dye must be angle equivalent to 10 /D was found and is
replaced. shown in Table 2. This angle corresponds to about

ten times the diffraction angle. A geometric
Resonator Control approach based on virtual source analysis9 gave the

same results. The mirror angle errors were
The alignment method reported in the earlier obtained from simple geometric analysis.

paper (ref. 1) has continued to be successful. A
full sized collimated cw-laser beam is introduced
into the resonator off a beam splitter, shrinks, and TABLE 2
then expands on successive passes, emerging as a Sensitivity to Imperfections in the
simulation of the pulsed laser beam. Some lensing Resonator
must occur in the dye solution during the pulse, but
the simulated laser beam is still useful in tracing the parameter i Error to cause Comments
path and beam performance of the pulsed laser. -e 1
This success is attributed, at least partially, to the Reson. length 2.5 m -35 cm incr- converg
spatial filtering through which they both must pass Back mirror rad. +8.0 m +70 cm incr- diverg
on the way to the experiment. Front mirror rad. -3.0 m +70 cm incr-. diverg

Birefringent filters are used to polarize the Lensing 0 dioptre -0.01 dioptre in each head
output and to give tuning capability when needed. Back minror 0 0.0 mrad 0.11 mrad in same sense
Tuning has not yet been needed from the 508 nm Output mirror 0 0.0 mrad 0.30 mrad in opp. sense
wavelength at which it naturally runs. The
birefringent plates have been used with their *To cause full angle divergence, or angular deviation,
ordinary axes either in the plane of inclination, or equivalent to 10 X/D.
perpendicular, to give full polarizing effect but zero
tuning. For maximum tuning effect the plates
would be rotated together through about 45, and Flashlamps
then fine-tuned in angle to obtain the required
wavelength. Initial operation with only one In the following paragraphs, the operation of the
birefringent inclined at 45 to the laser axis (with flashlamps will be modeled. It will be shown that,
small reflection used as a diagnostic) resulted in for our regime, they can be approximated as black
3:1 polarization ratio. Addition of a second at body radiators. This allows quantitative estimates
Brewster's angle gave a ratio of better than 10:1. of performance, as well as insight. The lamp
The polarization measurements, taking into account modeling will then be combined with the modeling
the corrective action of the birefringent plates, is of the dye performance, from the preceding paper,
consistent with depolarization occurring at about to analyze the overall performance. Finally, the life
2% per foot on passing through the dye solution. expectation of the lamps will be discussed. It will

be concluded that the lamps can safely be driven
harder than would be expected from previously

Modeling published literature.

Key aspects of the laser operation will now be Markiewicz and Emmett10 investigated the non-
modeled, starting with sensitivity to imperfections linear oscillatory equations describing the discharge
in the resonator. Then the lamp performance will into the varying resistance of the flashlamp through
be modeled, followed by the coupling to the dye the inherent inductance in the circuit. They plotted
and the performance of the dye itself, using computer solutions of the current and power input
material from the preceding paper. This will lead (12R) vs time for different values of a "damping
to an estimate for the overall efficiency of the laser, term" a determined by the electrical parameters.
and then the loss in output as the dye degrades. They normalized time to the electrical time-constant
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,t =q(LC), where L and C are inductance and the spectrum of an EG&G FX-47A flashlamp
capacitance of the circuit and storage capacitors. between 0.3 and 1.1 Itm closely approximated a
They found critical damping highest peak power black body at 9400 K when excited with 5300
input is obtained when ( = 0.8. This is generally amps/cm 2. When excited with only 1700
considered optimum, with sometimes a little amps/cm2 it apprcximated a black body at 7000 K
overshoot to help quench the switching device after (but not so closely). The measured proportions of
the pulse is over. Their data are used to plot the the excitation energy radiated into various spectral
curves of Figure 5. They show normalized time intervals are shown in Table 4. At the higher
development of current and power input for excitation temperature nearly 100% of the
damping of cc = 0.8. Note that the power curve is electrical energy must have been radiated by the
significantly shorter than the current curve. A plasma, with a considerable portion outside the
curve of the normalized temperature is added, spectral interval that was measured, much of it
based on the lamp emitting as a black body in absorbed by the quartz.
quasi-equilibrium following the Stefan Boltzmann
law (to be discussed later). Table 3 shows the
characteristic pulse durations and rise times defined TABLE 4
in a variety of ways, expressed in terms of the Emission from EG&G Lamp FX-47A,
electrical time constant T. Pulse Length T = 750 ps (ref. 11)

UM R Current Efficiency % in gum range Totaln,'- TEMPERATURE

08" tAssumng Black En. Densitv' Equiv 0.35 0.5 0.7 0.9 0.35
a. 0 8

tr"., Body Rad
'
a

t
or

)  IkJU (A zc. ) TempII.I -0. -0, - -"LJ1 -1,i.

W\\

WN CURN 1 1700 7000 K 18 18 16 11 63
SPOWE

5 5300 9400 K 27 20 11 6 64

00
IL Z
1_ -POWER FWHM Other investigators who have contributed to the
cc understanding of the emission characteristics of

lamps at different excitation levels include0 2 3 Perlman1 4 , 15 , Sorokin et a11 6 , Oliver and

TIME, NORMALIZED TO TIME-CONSTANT ViIL Barnes1 7, Holzrichter and Emmett 18, Furumoto
Fig. 5. Pulse Current, Power and and Ceccon 19, Ferrar 2 0 , Holzrichter and

Temperature Schawlow 21 , Oliver and Barnes 2 2 ,
Mavroyannakis 23 Gibson 24 , Ewanizky and
Wright 25 , Gunther 2 , Morrow and Price 27, Baker
and King 28, Gusinow29-32, Dishington et a133

TABLE 3 Efthymiopoulos and Garside 34, and-Gavrilov 35.
Pulse Durations by Various Definitions An excellent review of practical lamp

for Critically Damped Current and, Power considerations is given by Furomoto.36 Pacheco et
in Terms of Time Constant c = (LC) a137 recently reported quantitative spectral

measurements very relevant to our study. Simmer
Rise Width Between Initial Between Be was maintained between pulses. The measured

LBnBe emissions closely matched that of a black body at
109 fwhm. 1. to 20% 10% Line 20,000 K and 15,000 K, respectively over the

Current 0.77,r 2.1'r 2.5t 3.0"t 3.1t 3.5t range 0.45 to 0.8 pm, with the departures greater
Power 0.76,r 1.8't 2.1It 2.7,c 2.75t 3.5,r for the lower excitation. We will return to these
Temp. 0.61t 2.95'T 3.20 3.4t 3.4"r 3.5T results after discussion of black body emitters.

Black Body Model
Emission Characteristics

Our model will assume that the lamps behave as
At temperatures below about 10,000 K the blinstantaneous

discharge plasma is partially transmitting, and line ack bdyneitr th the instantaneu
emission, characteristic of the fill gases, tends to radiation balancing the electrical inpT. power,
predominate. 11 At higher temperatures the plasma based upon the results cited above. The results of

ecomes more opaque, and the output becomes the modeling will agree with observation
dominated by the black-body curve corresponding sufficiently well that we will conclude the modeling
to the electron temperature in the plasma. 17,13 For is justified, and is a helpful approach for the laser
example Goncz and Newell reported (ref. 11) that designer.
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The quantitative emission characteristic of a approximation to the measured integrated ones.
black body surface is completely determined by its Reference to the curves of Figure 6 will confirm
temperature, which is in turn proportional to the that errors expected in prediction of temperature
fourth root of the total power density radiated from (and hence spectral distribution) are likely to be
the surface by the Stefan Boltzmann law. The smaller than the errors in the prediction of power
blackbody characteristics are well known and radiated, because of the 4th power relationship.
tabulated 38. Useful curves for our discussion are
in Figure 6 based on relations from the Infrared Lamp Temperature
Handbook 9 . We should however note that the
flashlamp envelope is generally of fused silica Pacheco et al (ref. 37) excited a lamp of 7 mm
which absorbs radiation at wavelengths shorter bore diameter and 18" arc length with 8 pts
than about 180 nm, depending on its grade. (fwhm) pulses of 440 and 140 J, and made

10 ESTIMATED LAMP quantitative spectral measurements over the range
TEMPERATURE .24 to 0.8 im. Simmer was maintained between
23,40027000 K pulses. From Table 3 we infer that, for their pulse,COUMARIN 504PUMPAINOt = 3.8 pts, and hence the fwhm of the electrical

PUMP BAND Eower input pulse was 6.8 pts. The lamp internal
E bo &-re surface area A was 100 cm 2. Thus in their

TOTAL 440 and 140 J cases, we infer values for
TEMP K MW;cm

2  representative total power PR from eq (1), of 650
30,000 4.6 and 210 kW/cm2 , respectively, correspondin
25.000 22 temperatures of 18,400 K and 13,900
20.000 091 However the measured emissions closely matched
1000 029 that of a black body at higher temperatures of

01 02 03 04 05 0,6 20,000K and 15,000K over the range 0.45 to
WAVELENGTH, pm 0.8 pim (the departures were greater for the lower

excitation). The results indicate that the lamp was
Fig. 6. Black Body Emission Curves emitting more efficiently into the wavelengths of

interest than would a black body. Pacheco has
If a lamp is radiating as a black body with the suggested 40 that this may have resulted from the

radiating power balancing the input power, then the deep UV being absorbed by the envelope with
instantaneous temperature will be determined by resulting reradiation back into the plasma. This
the instantaneous electrical power per unit area of would give an apparent emissivity, in the UV, of
bore surface. It is reasonable to define a less than unity. In addition, some of the radiated"representative" temperature that will be determined light must return to the lamp, either from
by a "representative" value of the power per unit imperfections in coupling to the dye cell, or after
area of bore surface. Reference to the power curve being transmitted by the dye cell. Since the plasma
of Figure 5 confirms that a rectangular pulse with is opaque, this light must be reabsorbed and
the same peak power and full width at half contribute to a higher effective efficiency. This is
maximum (fwhm) duration would contain the same the first intimation the author is aware of that
energy as the actual pulse, to quite a close intensely driven lamps may actually be more
approximation. Since the power duration is 1.8t efficient than black bodies for achieving power at
fwhm (see Table 3), a good choice of the required wavelengths. Estimates made by this
"representative" power density PR is given by approach should become more accurate as the lamp

is driven harder. Simmering, or prepulsing,
PR = E/(1.8TA) , (1) allows such harder driving, and also increases the

output in this regime. Hence it contributes toward
where A is the bore surface area. Hence the the-black body behavior.
representative temperature TR is given by

TR =(E/(sl.tA)) 1 4 
,(2) Lamp Performance in this LaserXa = (E/(ksl.8"IrA)) 1 4 , (2)

In the laser being reported, each lamp has bore
where ks is the Stefan Boltzmann constant. In as diameter 7 mm and length 2'. Thus A = 134
much as a lamp is a black body in quasi- cm 2

equilibrium, then its "representative" emission f . The excitation is 500 J per pulse (into each
characteristics will be governed by the ratio of the four lamps associated with a beam), with
charaesi wnd il bepgoenedtate rlato discharge duration of 2.6 4ts fwhm. From Table 4
E: 1.81;A; and its ."represepntative'" plasma
temperature and spectral distribution can be at least we estimate t as 1.24 pts and the power pulse
approximately obtained from the black body curves length as 2.2 pts fwhm. Hence the PR value
represented by those in Figure 6. We can expect from eq (1) is 1.7 MW/cm 2 . This gives a
the "representative" characteristics to be a close temperature estimate of 23,400 K. It is recognized
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that the pulses are shorter than those of Pacheco et lasers. P. Lacovara of MIT Lincoln Laboratory
al, but the observed laser pulse lengths of about 2 has suggested incorporating a spectral transfer
gts in the center of the far-field, and a little longer agent such as salicylic acid in the reflective coating
outside, are consistent with the quasi steady state of the pump cavity. These approaches were not
model. followed because of time constraints.

The Coumarin 504 pump band is centered at The Dye and the Overall Efficiency
440 nm. The effective pump bandwidth is about
50 nm (fwhm of absorption band). At 440 nm, The modeling from the prect.ding paper will be
from Figure 6, the spectral intensity from a black used. We do not have the coefficients for
body at 23,400 K is 750 kW/cm urm , yielding Coumarin 504 dye, so will assume it is sufficiently
38 kW/cm 2 leaving the surface of each flashlamp like Rhodamine 6G that we can use the same
in the effective bandwidth. Since the representative parameters, as listed in Table 2 of the preceding
electrical input power is 1.7 MW/cm 2 of paper.
flashlamp bore surface, then effective efficiency of
the lamps is 2.2%. We need to estimate the intensities I, and IL in

the lasing medium. Since 38 kW/cm z will leave
The curves of Figure 6 show the lamps running the lamps within the pump band, and the expected

at a higher temperature than would give optimum transfer efficiency to the dye cell surface is 50%,
efficiency into the pump band. But, running the then about 19 kW/cm 2 will arrive at the dye
lamps at the optimal matching temperature would surface. From Table 1, about 43% of the pump
reduce the useful output more than tenfold. The energy is transmitted when the laser is optimized
performance of the laser would drop even more for energy within 17X/D. Hence the total at the
dramatically because the lower pumping intensity surface (coming and going) will be 27 kW/cm 2 .
would reduce the efficiency of the dye. Based on a simplified 1-dimensional model, with

the light entering from two sides, the pump
Coupling to the Dye Cell and Dye intensities in the middle will be 92% of that, i.e.,

25 kW/cm 2 . Hence, we will assume a
The pump-cavity reflectors have diffuse white representative Ip = 26 kW/cm2 . The lasing

surfaces with high reflectance. The lamps and the intensity IL is estimated at between 1 and 2
dye cell are the major absorbers and have equal MW/cm 2 in different parts of the medium. Using
surface area. We thus assume that 50% of the these values, and clean dye, the modeling from the
useful radiated lamp energy is coupled into the dye preceding paper yields quantum efficiencies of
cell (and the other half back into the lamp). From 30% and 40% for the two lasing intensities. The
Table 1, about 57% of the useful light entering the midpoint, 35%, when modified by the photon
dye cell will be absorbed. energy ratio, yields 30% as the representative

We could at least double the coupling efficiency energy efficiency in the dye.

by eliminating the pyrex water tubes (so that the The individual efficiencies thus obtained are
UV pump band would also be used) and by listed in Table 5. The expected overall efficiency is
increasing the dye concentration. But these steps seen to be 0.19% when the dye is clean. But, the
would give poorer beam quality from extra heat observed efficiency is considerably higher, at
distributed non-uniformly in the medium. A better 0.25%. This is based on total of 2,000 J lamp
way to increase the efficiency would be spectral input yielding about 5 J output.
enhancement by using one or more intervening
dyes Levin and Cherkasov4 l, Everett et a142 and The reasons for the discrepancy may include
Pacheco et al (ref. 37). The potential can be seen lack of accuracy in our measurements (believed to
in the curves of Figure 6, showing higher intensity be ± 10%), our using the Rhodamine 6G
at the wavelengths shorter than those tapped by the parameters, the triplet quenching being better than
Coumarin 504. This would also reduce assumed, and reabsorption of enegy making the
undesirable heat deposition in the solution. lamps hotter than estimated. Coumarin 504 is
Another promising approach is that of Baranov et generally considered less efficient than
al.43 They demonstrated that the efficiency of a Rhodamine 6G, so use of the 6G parameters is
lamp could be increased by depositing an more likely to give a discrepancy in the other
interference dielectric coating on the envelope to direction. The reabsorption is probably a factor,
reflect light with wavelengths that were not useful since we have estimated that half the potentially
in the application. This light was reabsorbed by useful light returns to the lamps and must be
the plasma. Their application was in the pumping reabsorbed in the black body model. We already
of Nd YAG lasers, but the principle also applies to have evidence indicating that the lamps in the
the shorter wavelengths more often used for dye earlier experiments by Pacheco et al ran hotter than
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our black body modeling would indicate, probably down lines such as the dashed ones in Figure 7.
because of reabsorption. The dashed lines are drawn for initial IL values of

1 and 2 MW/cm 2, which is the estimated range in
the medium. The resulting drop of lasing quantum

TABLE 5 efficiency is shown in the second plot of Figure 7
Modeled Efficiency Balance for the Laser for the two starting points. An exponential decay

System is predicted with a 10% loss in output when k
__reaches 0.0026, which would result in a 1-m path

Modeled Efficiency of dye having its transmission drop to 77% of the
Electric Power to Flashlamp clean value. We monitor the degradation by

output within pumping band 2.2% measuring the transmission of a 1-rn path, at 550
Coupling to pass into dye 50% nm wavelength, and observe the transmission drop
Absorbed by dye 5to 95% of the initial value when the output has
ored by dye i3% dropped 10%. This suggests that the absorption

Converted by dye into lasing output 30% coefficient of the degradation product is about
Hence expected overall Efficiency fivefold higher at the lasing wavelength of 508 nm.

a) with fresh dye 0.19% Alternatively we may really be monitoring the
b) when degraded by 10% 0.17% presence of a product that has a stronger excited

level absorption.

The discrepancy would be satisfied if the lamps Lamp Life Expectation
emitted an extra 30% into the pump band, which
would require them to be at at 27,000 K (at this Lamp life is a strong function of energy applied
level the total radiated power would be increased and length of the excitation pulse. Goncz 44

by a factor of 1.8 from the original 23,400 K reported the following empirical expression for
modeled temperature). The conclusion is that the energy that will just explode the lamp. It was
lamps are probably running at a higher temperature derived from testing lamps with pulse time
than 23,400 K but no higher than 27,000 K, constants varying from 5 ts to 3ms, bore
with representative pump density Ip. of between diameters varying from 4 mm to 28 mm, and
26 and 34 kW/cm 2. The average is chosen to various lengths.
obtain the first modeling plot in Figure 7. The
curves show that in the applicable lasing intensity ExIL = 90DVT Joules/inch, (3)
regime of 1 to 2 Mw/cm 2, with clean dye, the
9uantum efficiency is expected to average about when the bore diameter D is in mm and the

5%, giving energy efficiency of about 30%. duration of the discharge pulse between 1/3
The also indicate that, when the dye is clean, maximum current points is ms. This can be
hi g her lasing intensity would increase the rearranged to give
efficiency. Thus the feedback is less than optimal
for clean dye. Ex/A = 3570'WT J/cm2  (4)

EFFICIENCY vs LOSS AS where A is the bore surface area in cm 2 and T is
W LASING ITENSITY DYE DEGRADES the pulse length between 1/3 maximum current

Spoints in seconds. Thus the sustainable energy
0 - U density on the bore of the lamp is proportional to
03 0 IL 2MWsq CM2 the square root of the pulse duration.

Z k~1 Z
02 IL M's Goncz also reported that life testing with varied

" 0 1L1 MwIq lamps gave the results shown in Table 6, relating
0005 001 life to flash energy normalized to the explosion

0energy. He note that helical lamps and ones in
LASING INTENSITY, MW/cm 2 ABSORPTION COEFFICIENT k, cm"  enclosed cavities should be derated since some of

Fig. 7. Dye Efficiency and Degradation the energy reflects back to the lamp.

Modeling The above data has been amplified in EG&G

Dye Degradation data sheets. 45 These are in general agreement with
eq. (3) and Table 6. They provide a guide to

As the lasers operate, the output gradually drops ultimate energies and life expectations for a wide
because the value of k increases due to dye range of lamp sizes and pulse lengths, with wall
degradation. Taking into account the reduction in thickness of 1 mm. N is the number of pulses
IL as k increases, the performance will slide before the output drops'by 50%. The data covers
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the pulse lengths of 10 .ts to 10 ms, so does not yielding 3. it in the critically damped case.
quite extend to our regime, but we have no other. EG&G uses the time between the 1/3 levels of

current, corresponding to 2.5,t. If eq. (8) has T
modified by the ratio 2.5/3.0 to bring it into line

TABLE 6 with the EG&G definition of pulse duration, it
Expected Flashlamp Life (ref. 44) becomes

Flash energy Flashlamp life Ex = kA',T Joules , (9)
(percent of Ex' (number of flashes)

100% 0-10 where k = 3760 for D < 8 mm and 2600 for D >
70% 10-100 19 mm. This agrees with (eq.) 4 within the
50% 100-1000 precision of the data.
40% 1000-10,000 All the above data has been developed for
30% 10,000-100,000 operation of the lamps with no significant return of

the emitted radiation. If the pumping cavity allows
such return of radiation (which it usually does),

The minimum and maximum life limits from the then the lamps should be derated (ref. 44).
EG&G data sheets approximately follow the
relation Apply to Present Laser

(E0JEx)-5 "5 < NL < (E0JE,)-11 (5) The lasers now being reported upon have

ILC report46 that N can be obtained from the current pulses of 2.6 pts fwhm, which from Table
L  4 corresponds to 3.1 pgs between 1/3 peak power

relation points. The lamp bore surface area is 134 cm 2 .
N = (E0,/Ex)-8"5 (6) Hence from either eq. (4), the value of Ex is 842

NL J. At the 500 J input we are thus operating at
59% of the E. value. From the EG&G data we

This curve runs right down the center of the would expect life to be no more than 300 pulses.
EG&G life data. ILC does restrict the relation to In practice we have many thousands of pulses with
lamps with bore of less than 15 mm bore (they insignificant loss. When reabsorption of radiation
report an inverse 14th power for larger diameters). is taken into account, we are driving the lamps
There is a slight difference in that ILC define NL even hotter.
as the number of pulses at which the energy is
down to 70% of its initial value. ILC also reports Other Evidence on Lamp Life
(ref. 46) that the explosion energy is given by

Earlier experiments by Everett et al (ref. 37)
Ex/L = 0.577 f(D)D4T' Joules (7) demonstrated life exceeding 300,000 pulses using

lamps of length 18" and 7 mm bore diameter,
where f(D) = 24,600 for D < 8 mm and 17,000 excited with 410 J in current pulses of 3.2 pts
for D >_ 19 mm, L is arc length in cm, D = bore fwhm. From Table 3 this yields 3.8 pts between
diam in cm, T" is the pulse duration in seconds by 1/3 points. From eq. (3) we obtain 699 J for Ex.
the ILC definition, but they do not say how muc Hence the lamp was running at 59% of the
spread to expect in the results. When expressed in traditional explosion level, and from the EG&G
the same units as eq. (4) this becomes data the expected life would lie between only 30

and 300 pulses to the 50% level, orders of
Ex = k'Aq1T Joules ,(8) magnitude less than demonstrated.

where k'= 4518 for D < 8 mm and 3122 for D In the experiments of Pacheco et al (ref 37),
L9 mm. discussed earlier, lamps of length 18" and bore

diameter 7 mm were excited with as much as 440
It is difficult to completely correlate the EG&G J in current pulses of 8 pts fwhm duration, i.e.,

and ILC data because of some uncertainty in the 9.5 pts between 1/3 points. From eq. (3) we obtain
pulse length definition of the latter. In an ILC 1105 J for Ex, and hence the lamps were being
technical bulletin (ref. 46, p. 8) it is implied that run at 40% of the traditional explosion level.
pulse duration is normally defined as time between ru fro the tath expected le
current initiation and when it has fallen back to Thus, from the EG&G data, the expected life
20% of peak, which would yield 3.0t in the would lie between 1,000 and 20,000 pulses. By
critically damped case (see Table 4). In an ILC comparison with the above results, it seems that the
brochure entitled "Linear Flashlamps," the lamps were being run quite conservatively.
definition between 10% current levels is used,

400



Discussion of Lamp Life Expectation modeling of the lamps and the dye solution, and
new insight has been developed. Some practical

These reports, comments by ILC (ref. 46, p. aspects of the design and operation of the laser
38), and by Furomoto (ref. 36), indicate that have been presented.
flashlamps in this pulse regime may be driven
much harder than would be forecast from The author is indebted to a large number of
extrapolating the manufacturers' published data, individuals and organizations who contributed to
provided that simmering or prepulsing is used (ref. these results. The laser heads were developed and
46, p. 26). U fortunately, life-testing data on the flashlamps supplied by Candela Corporation.
flashlamps is very expensive to generate and Power supplies were by A.L.E. Systems Inc.
consequently published reports from which Fluid handling systems were engineered by Stone
generalized conclusions can be drawn are rare. and Webster Inc, and fabricated by the FELS

Company. B. Kirstein of SAIC, Inc. consulted on
It must be emphasized that such good life can the dye handling aspects and engineered

only be expected when the lamps are produced experimental equipment. R. Kaiser of Argos
under excellent quality control, to the best available Associates and J. L. Dwyer of Ventec Corp. also
design, and then are used under ideal conditions, contributed useful suggestions on the dye
Premature failure can be caused by contamination handling. B. G. Zollars, R. E. Hatch, J. L.
of fill, electrodes, or envelope; by incorrect Swedberg, J. M. Mahan, R. A. Brousseau, and E.
handling, mounting or cooling; or by non-optimum D. Ariel helped bring the system to fruition by
excitation or simmering. If there is anything many hours of dedicated work, and S. Richardson
wrong, the laser tends to die not gracefully! prepared the manuscript.
Without more information it is probably safe to
assume that, in the regime of interest, a References
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TUNABLE, SIMULTANEOUS MULTI-WAVELENGTH DYE LASER

Wayne E. Davenport, John J. Ehrlich, Travis S. Taylor
U. S. Army Missile Command

Redstone Arsenal, AL 35898-5245

ABSTRACT

A dye laser operating at simultaneous multiple-wavelengths in the 540 to 590 nm region was demonstrated
utilizing prisms and a new laser dye chosen for its broad tuning curve (539-620 nm) and high gain.

INTRODUCTION

A dye laser operating at simultaneous multiple-wavelengths in the 540 to 590 nm region was demonstrated
utilizing a new laser dye along with prisms as dispersive elements. Typically, a dye laser tends to lase at
the peak of its gain curve. For example, Rhodamine-6G (R-6G), when flashlamp pumped, tends to lase near
590 nm which is close to the peak of its gain curve. Previous experiments have utilized intra-cavity
holographic gratings as tuning and dispersive elements in order to force the dye laser to operate at
wavelengths other than the peak of the gain curve. By utilizing intra-cavity gratings, it has beenreportedl,3

that R-6G would lase two simultaneous lines 40 nm apart with output energies of 6 mJ per line. The objective
of our experiment was to increase these output energies, and the line separation.

EXPERIMENT

In order to increase the output energies, dispersive elements other than holographic gratings had to be
utilized since these gratings are fragile and cannot withstand very high energy densities. Hence, prisms
were used as the dispersive elements since they are able to withstand much higher energy densfties than
gratings. Utilizing a multiple prism, multiple 100% reflector cavity, and R-6G, much higher energies (in the
range of 50 mJ) were produced. However, the line separation did not improve. Previous work with a new dye,
Disodium salt of 2,6 - disulfonato - 1,3,5,7,8, - pentamethylpyrromethene - BF2 - complex, revealed that
this new dye has a broad gain curve. 2 Therefore, it was suspected to be a good candidate for simultaneous
multi-line laser operation. With a multiple prism, multiple 100% reflector cavity (see Figure 1) and this
new dye, we were able to increase output energies to 50 mJ per line, and also demonstrate lin, separation
of 51 nm.

100% reflective

Zapeture

100% reflective

50% reflective
S:0 < dispersion prisms

multi-colorU
output flashlamp pumped oscillator
beam

Figure 1. Schematic of Simultaneous Multi-Line Cavity
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In order to force the dye laser to lase two lines simultaneously, essentially two different laser
cavities must exist. Our optical arrangement utilized three equilateral dispersion prisms (see fig. 1) in
order to spread the laser beams of different wavelengths as far apart from each other as possible. In
addition, to keep the cavity as short as possible, three turning prisms were utilized to turn the shorter
wavelengths to one particular 100% reflector and the longer wavelengths to a different 100% reflector. A
two line cavity of this type can be constructed without the turning prisms, however, the separate cavities
must be much longer to allow for the physical size of the reflectors and their optical mounts. In fact, two
lines were observed simultaneously without the turning prisms. However, the cavities were nearly three meters
long, so the energies per line were rather low - only a few millijoules per line. With the turning prisms
the cavities were reduced to about one meter and the energy was greatly improved - to about 50 millijoules per
line. As it turned out, the new dye that we were using had a much higher gain at the shorter wavelength
(green) than it did at the longer wavelength (orange) and would not lase unless the green beam was suppressed
in some way. Therefore, an aperture was inserted into the green line's cavity and was reduced in diameter
until the orange line lased at an energy near that of the green line. It should also be mentioned that the
output energy of each line was lower by slightly more than a factor of two when one 100% reflector and two
output couplers were used rather than when only one broadband output coupler and two 100% reflectors were
used. The reason being that with two total reflectors, more of the photons make a return pass through the
active media of the laser stimulating more molecules, thus causing more output photons to be produced.

RESULTS

Once the multi-line cavity was fully optimized for the Phase-R DL-2100, with a stored energy of 26
Joules, output energies of 50 mJ per line were measured with a line separation of 51 nm. The lines were
observed to be 590 nm and 539 nm. The separation between lines could be increased, but the energies began to
drop dramatically. The line separation and linewidths were measured via an Tracor-Northern Optical Multi-
channel Analyzer (OMA). Figure 2 is an OMA trace of simultaneous multi-wavelength lasing. Note that the two
lines are 544.3 nm and 571.4 nm not 590 and 539. This is because at 590 and 539 the lines are separated too
far apart to both fit on the OMA display at the same time. However, at 571.4 nm and 544.3 nm both lines will
fit on the same screen and this data is representative of the multi-line lasing at other wavelengths. Note
that the shorter wavelength line seems to have a broader linewidth than does the longer line. Ihis was not
observed to always be true. The linewidth of each line seemed to vary from shot to shot. However, 1.2 nm to
2.5 nm are typically the smallest and largest linewidths that were observed.

- . 4

2.5 nm '
FWHM .1.2 nm

* , * FWHM

544.3 nm 571.4 nm

Figure 2. OMA Trace of Simultaneous Multi-Line Lasing

Figure 3 is the temporal profile of the simultaneous 539 nm and 590 nm lines. The total pulsewidth of
the combined lines at FWHM is about 350 nsec. The pulse appears as the superposition of the two lines and
looks as if it is single mode. Looking at the temporal profiles of the simultaneous multi-line lasing when
separated by prisms (see Fig. 4) reveals that the green line begins lasing nearly 175 nsec before the orange;
this hints that the gain for the green is higher than the gain for the orange. From the profile it appears
that when the orange line begins to lase the green line is robbed of its peak energy. Apparently the two
lines are in direct competition with each other in the gain media. Furthermore, the orange line is most
definitely parasitic to the green line once it begins to lase. This can be seen by physically blocking the
path of the orange line and observing the temporal profile of the green line (see Fig. 5). This measurement
revealed that the green line did not drop off abruptly as it did when both lines were lasing. Although
FWHM was still about 300 nsec the shape of the pulse was more rounded at the peak. Figure 6 reveals that the
temporal profile of the orange pulse changes very little when the green line is blocked.
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Figure 3. Temporal Profile of Simultaneous 539 nm Figure 4. Temporal Profile of Simultaneous Multi-
and 590 nm Lines Line Lasing

Upper Trace: 590 nm line 300 nsec FWHM
Lower Trace: 539 nm line 300 nsec FWHM
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Figure 5. Temporal Profile of 539 nm Line
Upper Trace: 590 line blocked
Lower Trace: 539 line 300 nsec FWHM

Figure 6. Temporal Profile of 590 nm Line
Upper Trace: 590 line 275 nsec FWHM
Lower Trace: 539 line blocked

Utilizing framegrabber hardware and beam a'alysis software, the spatial profiles of the multi-line
lasing were observed and analyzed. Figure 7 is the spatial profile of the orange beam and as can be seen is
the fairly representative of a Gaussian profile. Figure 8 is the spatial profile of the green beam. From
this figure it can be seen that the profile of the green beam is not quite as Gaussian as that of the orange
beam. However, it does not show the structure typical of multi-mode operation. Also notice that the green
beam is smaller in diameter than the orange beam. This is because of the aperture that was placed in the
green cavity to reduce the gain of the green, so that the orange would lase. Figure 9 shows the spatial
profile of both lines operating simultaneously and is basically a superposition of Figures 7 and 8. Again,
this profile represents a fairly Gaussian output beam. This data, when presented in a contour fashion,
(Fig. 101 again suggests that the simultaneous multi-wavelength output beam is a superposition of the green
and orange beams.
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Figure 7. Spatial Profile of Orange Beam Figure 8. Spatial Profile of Green Beam

AlN 5453 Angstroms 5852 Angstroms
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Figure 9. Spatial Profile of Simultaneous Mult- Figure 10. Contours of Green, Orange and
Line Laser Beam of the Simultaneous Multi-Line Beams

Once the simultaneous two-line cavity was completely characterized, an effort was made to force the laser
to lase in more than two lines simultaneously. Figure 11 is the schematic of the optical set-up that lased
three lines simultaneously. This cavity is basically the same as that for the two-lines with the addition
of one more 100% reflector and one more aperture. To add the optics required for the third line, the
cavity length or the amount of dispersion had to be increased. The dimensions of our optical bench limited
us to an increased cavity length of approximately 3 meters. Obviously, the output energy achieved was not
as high as that of the shorter two-line cavity. Like the cavity for the two-line system, the gain of the
shorter wavelength lines had to be reduced by apertures so that the longer wavelength line would lase. Each
line produce only a few millijoules per pulse and had spatial and temporal profiles similar to that of the
two-line system. The three lines observed to lase simultaneously were 539, 567, and 590 nm. It is possible
that more than three lines could be made to lase simultaneously, however our research suggests that more
intra-cavity dispersion than was achieved by the three dispersion prisms would be required. It might also be
possible to increase the gain of the media in some way (a larger laser) and lengthen the cavity more.
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Figure 11. Schematic of Simultaneous Multi-Line Cavity

CONCLUSION

With further advances, it may turn out that simultaneous multi-line lasers will be more convenient for
particular applications than are other laser systems. At present, in applications where multi-color radiation
is needed, either more than one laser, or more than one dye flow channel is used. For simultaneous multi-
wavelength operation only one dye laser is needed; obviously, this is much less expensive than buying multiple
lasers for the application. Simultaneous multi-line systems are also favorable over multi-channel systems,
because multi-channel flow systems are very complex and also more expensive than the flow system of a single
dye laser. Since these multi-line systems lase simultaneously there is no need for complicated
synchronization circuitry as is needed to with multiple single laser systems. The only real trouble with
these systems is that the multi-line range is limited to the tuning curve of the dye and most dyes are only
tunable through small portions of the spectrum. Also, there is the parasitic type competition that goes on
between the simultaneous laser lines as is shown in Figures 4-6. Although extreme optical "finesse" is a
necessity of these systems, our research suggests that simultaneous multi-wavelength lasers are demonstrate-
able and, with some effort, can have high enough energies and large enough separation between laser lines
to make them a worthy candidate for applications where multi-color sources are needed.
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Abstract

This paper compares the dye service lifetimes, slope efficiencies, tuning curves, and output energies

of two Pyrromethene-BF2 -Complexes to that of Rhodamine 590 Chloride. Service lifetimes were tested with and
without the addition of caffeine as a UV filter. Due to the reported low triplet state absorption, the
flashlamp pulse-widths were varied from two microseconds to ten microseconds in an effort to detect its
presence.

Introduction

A new family of laser dyes, Pyrromethene-BF 2 -complexes, were introduced this year by Dr. Joseph Boyer
of the University of New Orleans. The two laser dyes tested in our lab were 1,3,5,7,8-Pentamethylpyrro-
methene-BF 2 -complex (JB1), and the Disodium salt of 2,6-disulfonato-1,3,5,7,8-pentamethylpyrromethene-BF2 -
complex (JB2). The molecular structures of JB1 and JB2 are shown in Figure I and Figure 2 respectively.
Their performance as laser dyes in general are discussed elsewhere in these proceedingsl.

CHH
3

H 
H

B

CH 3  F F CH 3

Figure 1. Molecular structure of 1,3,5,7,8-Pentamethylpyrromethene-BF 2-complex.
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Figure 2. Molecular structure of the Disodium salt of 2,6-disulfonato-1,3,5,7-
8 pentamethylpyrromethene-BF 2-complex.

Experimental

Each dye was tested in a Phase-R 1200 coaxial flashlamp pumped dye laser. A triax tube was inserted
which allowed UV filtration by adding caffeine to the cooling water. The triax configuration was maintained
throughout these experiments whether UV filtration was used or not. This configuration brings the bore
size down to approximately 2.5mm in diameter by 193.0mm in length. The input voltage was maintained at a
constant 18KV, (which corresponds to an energy of 25.91 in the .16 microfarad capacitor) for all tests,
except for the slope efficiency measurements, during which it was varied from 14KV-20KV (15.7J-32J). Con-
centrations for JB2 and Rhodamine 590 Chloride were optimized by slowly increasing the dye concentration
until the output energy reached a maximum. In our test laser these concentrations were 2.5 X 10-4 Molar
and 2.0 X 10" Molar respectively. Since the availability of JB1 was limited, the optimum concentration
of this dye was chosen to be equal to that of JB2, i.e. 2.5 X 10-4 Molar. Burn patterns of the laser output
with JB1 did not show the typical annular structure associated with too high a concentration of dye. Since
all of the dyes investigated were soluble, and performed well in methanol, it was chosen as the primary
solvent. We also tested the dyes in a 50/50 mixture of ethanol/water (EtOH/H 20). JBl's solubility in the
EtOH/H 20 mixture was very poor and therefore we were unable to obtain any results with this solvent/dye
combination. The optimum output couplers were 20% reflective for both the Pyrromethenes as well as the
Rhodamine. Slightly lower or higher reflectivities may give increased performance of these dyes, however
they are not in our current inventory. Due to the large losses associated with the cavity configuration
used in the determination of the tuning curves, a 50% reflective broadband output coupler was used in
place of the 20% reflector.

Results

First, the fluorescence and absorption spectra for each dye were examined. A Perkin-Elmer model MPF-
66 spectrophotometer was used to detect the fluorescence emissions and a Shimadzu UV-VIS model UV-260 was
used to scan the absorption bands. From these curves, absorption maxima. fluorescence maxima, stokes
shift, and molar extinction coefficients can be calculated. These results are shown in Figures 3-7. Due
to the insolubility of JBI in EtOH/H20, we were unable to obtain fluorescence and absorption data for this
combination.
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Lasing tunability of the dyes were determined using the Phase-R 1200 dye laser, multi-prism expander,
broadband 50% reflective output coupler, and a 2400 line/mm holographic grating. The experimental setup
is shown in Figure 8. Tunability of JB1, J132, and Rh590 in MeOH are shown in Figures 9-11. The "useful
tunability" for each dye is also indicated in these figures, and is defined as the tuning range over which
the output energy is at least 50% of the peak energy of the curve.

TUNING EURVE [ONFIGUPRTION

Littrow

2402 L/mm
HolographIc Greting

Figure 8. Setup used to determine the lasing tunability of selected dyes.
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Slope efficiencies of the selected laser dyes were determined by increasing the input voltage from
14KV (15.7J) to 20KV (32J) while monitoring the corresponding increase in output energy. Both of the
pyrromethenes output performed Rh590 chloride in MeOH by approximately 29%. Slope efficiences for JB1,
JB2, and Rh590 in Me0H were 0.287%, 0.289%, and 0.228% respectively. The slope efficiencies are graphed
in Figure 12.
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Figure 12. Slope efficiencies of JB1, JB2, and Rh590 in MeOH.
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Flashlamp pulsewidths were lengthened as a test for triplet absorption. At a flashlamp pulsewidth
of 2 microseconds, lasing efficiency of JB2 increased 28% with UV filtering. All other dyes we have tested
to date have shown a decrease in lasing efficiency due to the loss of pumping energy in the UV absorption
bands. When the flashlamp pulsewidths were increased to 3.5 and 7.0 microseconds, the lasing efficiency
again increased to 33% and 66% respectively. Lasing ceased for JB2 when flashlamp pulsewidths were increased
beyond 40 microseconds.

Dye service lifetimes were measured using a computer controlled Phase-R 1200 dye laser. The user can
control the dye laser repetition rate, the number of laser pulses between data points, and total number
of data points to be taken via the data acquisition software. The computer controls a servo driven beam
dump that opens only after a pre-determined number of pulses have occurred. When the beam dump is open,
a Scientec model 365 digital energy meter records the energy of one laser pulse and sends that information
to the computer for storage. Also recorded during this event is information on flashlamp peak intensity,
flashlamp pulse integrated intensity, and capacitor voltage.

Reporting dye service lifetimes in Kilojoules/liter appears to be standard procedure. In this instance,
and undoubtedly many others, two different concentrations of laser dyes were used in determining the
service lifetimes. Since one solution of dye contains more molecules than the other, it may stand to reason
that the service lifetime may be distorted in favor of the higher concentrated solution. Unfortunately,
"Kilojoules/liter" contains no information on dye concentration which may help in interpreting the differences
in service lifetimes. In an effort to make service lifetimes meaningful, we are factoring out the different
concentrations and reporting them in "Megajoules/gram of dye." Service lifetimes of JB2, and Rh590 are
shown in Figures 13-15. Again, due to the limited availability of JB1, the service lifetime was unable to
be attained.
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Conclusions

The pyrromethene-BF 2-complexes appear to be an excellent family of laser dyes. The two dyes that we
tested in MeOH, JB1, and JB2, were found to be superior to Rh590 chloride in slope efficiency and output
energy. Our results indicate JB2 has a 27% shorter service lifetime in MeOH and without UV filtering than
Rh590 under the same conditions. However, with UV filtering and MeOH as the solvent, JB2 has a 52% longer
service lifetime than Rh590 under the same conditions. Pump energy in the UV appears to be very destructive
to JB2 in MeOH. When comparing service lifetimes of JB2 with and without UV filtering, we can see that
by filtering the UV we can extend the service lifetime on the order of 1200%. This is quite a dramatic
increase when compared to Rh590 which has about a 500% extended service lifetime under the same conditions.
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Abstract

The development and synthesis of the ideal laser dyes has been under development since
1970. The paper begins with what constitutes an ideal laser dye. It then discusses
factors affecting laser performance, dye testing criteria, chemical structures of new dyes,
and presents a table of some new synthetic dyes. Standardization is called for in forming
the name of new dyes and a guideline is presented.

Ideal Laser Dyes

With the beginning of the dye laser, Chemists and Laser Physicists have been working
towards having a longer life and 'better" lasing dye material. Since 1970 many different
synthetic dyes have be-en developed and we can now classify and project what an ideal laser
dye can be.

A laser dye can be characterized by its chemical as well as its lasing properties. From
the chemical aspect, there are four basic criteria that must be satisfied if the dye is to
be considered ideal or the 'best" to date. The florescent quantum efficiency (F1E) must be
greater than 0.8. The limit for flashlamp pump dyes is as low as 0.75 and for laser pumped
dyes, as low as 0.5. generally speaking, if the FQE is greater than 0.8 the dye should be
very good.

The dye must have a high extinction coefficient greater than 50,000. This criteria is
only broken by some of the coumarin's that have extinction coefficients of only 27,000.

The solubility of the dye must be greater than 10- = Molar in non- caustic solvents to be
useful. The ideal dye will be one that lases very well in a non--flammable, non-caustic
material like water.

There are three basic lasing criteria for the ideal dye. It's D number must be greater
than 1. This is a relative comparison of it's lasing output compared to Rhodamine 590.
The ideal laser dye has to be more efficient than Rhodamine 590.

The lifetime of the dye should be something in the order of 10' joules per liter or 2
times 10m joules per gras. This is the excitation energy that is put into a volume of dye
from the pumping source.

The dye must also have broad tunability to be useful and be characterized as an ideal
lasing dye. Typical tunabilities today are 400 to 500 angstroms. Some new ones are
tunable over 1000 angstroms.

Factors Affecting LaginQ Performance

There are three factors which affect lasing performance. Solvent and its relationship
to the dye is one. Contamination of the solvent-dye solution is another. And finally
certain basic laser criteria must be met.

There is a big difference in the polar or non-polarity of the solvents and their effect
on lasing performance. Some dyes will perform very well in polar solvents and very poorly
in non-polar. Other dyes are just the opposite. The viscosity of the solvent is important
and depends on what the pumping source of the dye is.
Viscosity of the lasing solvent and any apparent optical distortion caused by the solvent
will effect the lasing performance of the dye.

UV absorption of the solvent or the dye-solvent solution is of paramount importance
because it is the LIV photons that cause the solvents and the dyes to break up much more
quickly than they should. This leads to the photo-degradation byproducts of the solvent
and dye. It has been shown that some solvents produce byproducts that act as catalysts in
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the process of breaking the dye molecule down. If a long life dye is to be developed, it
must be able to work in a solvent that doesn't produce byproducts that can be detrimental
to the dye molecules existence.

Contamination of the solvent and the dye is very critical. The manufacturing process of
the dye must be clean and pure. If there is cross contamination with other materials
during the manufacture of the dye, then its lasing performance can be severely affected. I
think that within the next few years the dye manufacturers should start putting lot numbers
or batch numbers on the dye materials as a cross check for potential contamination in the
manufacturing process.

In the lasing system it is very easy to get cross contamination between one lasing
material with one that is previously used in the laser. Impurities in the solvents will
also have a big effect on dye lasing efficiency. Acetone and benzene are two notable
materials that effect lasing performance in most dyes to the point where many materials
will not lase if either are present.

In general, good dye lasing performance depends on three criteria that all must be
optimized; dye concentration, the resonator reflectors reflectivity, and the attainment of
the proper pumping density over lasing threshold. All three are interrelated. Changing
any one will effect the lasing performance. Once the concentration is chosen for a given
reflectivity, introducing more losses to the reflective cavity will necessitate a change in
concentration or a change in pumping density in order to maintain a given output
performance.

Dye Testing Criteria

Because of the large number of dyes being developed, testing procedures and many basic
measurements made must become standardized. All dye test should be done on a standardized
setup so that comparisons can be made. Different lasers will produce different results.
Different flashlamp pumped dye lasers will produce different results. The excitation
intensity, how the dye cell is excited by either a flashlamp or laser, the excitation
spectrum of the flashlamp, will all have an effect on the performance of every dye.

Standardization is going to have to come to how the test data is presented and recorded.
The dye naming procedure must be standardized. There are many dyes that are named for
where they lase. But there are also many dye names that have no bearing on where they
lase. This does and will cause a lot of confusion. As more dyes become available, it
becomes more important that the name bears some resemblance to its lasing performance.

Florescent Quantu Efficiency measurements are very difficult to make with any degree of
accuracy. This procedure must be standardized and it was suggested in the question and
answer period that the standard FOE measurement criteria be used as outlined by the Journal
of Chemistry and Physics.

Triplet state absorption measurements should be made if they can be made meaningful.
The triplet-triplet absorption appears to have a dramatic effect on the lasing performance.
The method on how data is taken and how it is reported is important if it is going to be
meaningful. It must be standardized.

The required data is generally broken dowm into six areas. The D number or relative
efficiency of a new dye to rhodamine 590 is important to get an idea of what its capability
is. The lasing wavelength, and it's tunability or band width should be measured at an
energy density that is twice what the lasing threshold is far any given laser. The output
energy of that dye compared to other dyes in the system should be made at two times and/or
three times above lasing threshold and they should be written as E.,. and E=. The pumping
density should be listed at lasing threshold in joules per cubic centimeter. This will
give people with different systems the ability to relate how each dye compares to a
different lasing system. The lifetime of the dye must be measured and reported as either
joules per liter or joules per gram. This is the total energy deposited into the
particular volume of dye or into a particular quantity of dye, when the lasing output has
been reduced to half of its original value.

It is extremely important to mention whether the dye test included a UN filter between
the flashlamp and the dye lasing material or not.

Chemical Structures

As a means of understanding what an ideal laser dye is, I'd like to briefly talk about
the chemical structures of the dye and point out what historically has been bad dyes and
some general rules that good dyes seem to behave to. Historically the worst laser dye for
flashlamp excitation has been the fluorescein disodium salt. This was one of the first
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dyes used in the green region. After 25 shots, the dye ceased to lase. Acridine red seems
to have a very large triplet absorption and for this reason it is very difficult to get any
amount of energy out of the dye when flashlamp excited. Brilliant Sulfoflavin is affected
dramatically by the amount of oxygen or nitrogen saturation effect of the solvent.

Characteristically most red dyes have very good performance.Rhodamine B which is
Rhodamine 610 has a low output for a red dye. Good laser dyes should not have large
detrimental effects when run in air equilibrated solutions. Rhodamine 640 for example has
an extremely high output and very long lived for one of the early laser dyes. New L dyes
that are called oligophenylenes are the best LN synthetic dyes made to date. There are
some new dyes called oxazoles that have extremely long life. Their lasing efficiency is
not as good as say the Rhodamine 590. There are some new pyromethane BF2 complexes which
again have extremely long life and have surprisingly good efficiency.

It is only through repeated testing thAt a chemist can develop models that work for each
type of molecule. As an example, we have found that bridged quarterphenyls are much better
than unbridged. We have found that rigidized amino group structures prevent collisional
deactivation of the dye. We have seen reduced output if all the aromatic rings are not
planar. There is an indication that a good dye should have a large change in its first
excited state dipole, something in the order of 20 debye. In general, the chemist must
follow the ideal dye laser properties and devise his own set of rules of the chemistry
makeup through testing.

Table 1 is a list of some of these dyes with some of the data that should be presented
if a good comparison of dyes and how they relate to one another is possible. The table
lists 6 different dyes of which Rhodamine 640 and Rhodamine 590 are of the older type used
since the early 1970's. The oxizols and the BF2 complexes, the oligo's and the coumarin
314T all relatively new synthetic materials. To repeat, an ideal laser dye should have a D
number of I or better, the energy efficiency at 2 times lasing threshold should be close to
1, and the lifetime of the dye should be high. Notice that the BF2 complex dye has over
1,000,000 joules per liter.

As a result of the past 20 years work in developing new laser dyes, the time has come
where the dye name and the way the dye is assigned it's name is standardized. Table 2 is a
presentation of a suggestion for standardization. We have at the beginning of the name up
to 5 letters which designate the dye type. They can be abbreviations or they can be the
full word. I suggest we keep these no longer than 5 and preferably 2 or 3. The wavelength
of the expected lasing is the next three numbers and this should be with a particular
testing method. Generally speaking a flashlamp system is used, because it is the less
expensive laser and there are more flashlamp systems. The letter after the expected
wavelength of lasing is a batch designator or compound variation. That designator would
become useful if the dye becomes commercially available. The next 4 numbers are strictly
for the experimental people in the laboratory to be able to associate their numbers with
the eventual commercial name. These numbers could be associated to the various chemistry
of the compound for easy designation. Generic names or the letters representing the first
letter of the various names of the chemistry can be used, but in any case, it should be a
very simple designator so that the whole structure ties together. An example of the old
and new nomenclature is shown. The chemistry designator could also be tied to a universal
chemistry compound number as listed in the library of congress.

I think that as part of this standardization it is important that we recognize that the
dyes that exist today with different names than associated with their lasing wavelength
area should not be changed. People understand those names and know those names. However,
as the chemists develop new dyes, it is important to formulate and standardize in a method
of naming dyes instead of taking the next consecutive number for a new dye that is tested.

As dyes become more and more plentiful, it is going to be very difficult for new people
entering the field to realize that Cotumarin 314 actually lases at around 480nm whereas,
Rhodamine 560 lases at about 560nm.

In the next 20 years, it will become very difficult to sort out 500 or so different dye
types unless the dye name, and the entire testing and reporting procedure is standardized.
New materials will become less likely to be used because the laser user will not simply
have the time to try in his laser many different materials which exist at different parts
of the spectra.
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DYE NUMBERS

DYE TYPE UIRUELENOTH D# E2X E T 1/2

OX2Z3 OXRZOL 590 0.3 0.3 3 J/CH3 50 KJ/L

J02 OF2 555 0.9 0.55 3.7 1400

0L415 OLIO0 415 0.4 0.71 4.5 70

COU314T COIIARI N 500 0.6 0.9 3.0 1,3

R640 RHODRAI E 640 1.4 1.2 3.0 500

R590 RHODANINE 590 1.0 1.0 3.0 50

DYE T 1/2 E FQE FILTER SOLUENT T-T

OX2Z3 50,000 0.92 N ETOH/H20 ?

J32 255 NJ/gm 77,000 0.98 Y NEOH 2,000

OL415 90,000 ).9 N ETOl ?

COU314T ? 0.9 N HEON ?

R40 95,000 N NEOH 7,400

R590 Y NEON 9.000

TABLE: 1
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STANDARDIZATION OF DYE NAMES

DYE TYPE - Maximum of 5 lettersi

WAVELENGTH OF EXPECTED LASING-
(nanometers)

eg. OL415 - oligo at 415nm

BATCH DESIGNATOR ,

X used with all experimental dyes - wavelength unknown

Letter used to relate to testing designator

CHEMISTRY DESIGNATOR

Used only to correlate different versions of series
with chemistry Batch designator letter - is assigned
if dye is considered useful

eg. OLD NOMENCLATURE NEW NOMENCLATURE

OX2 OXZOL - 555A - MeMs
OX2Z3 OXZOL - 555B - SPRZ
JBI pyroM - 542A - BF2
JB2 pyroM - 5558 - DSBF2
JB3 pyroM - 537C - TMBF2
JB4 pyroM - 568D - DEBF2
JB5 pyroM - 380X - OF3

As dye beoomes useful; common name drops the chemistry designator

OL415
OXZOL 555B
pyroM 5558

TABLE: 2
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Abstract

We reported at LASERS '87 that dipropylmethylene-bridged quaterphenyls make better laser dyes in
all respects than their unbridged counterparts when flashlamp-pumped. We now describe the effects of various
molecular substituents in increasing solubility,broadening the range of wavelengths obtainable, and
improving dye lifetime, especially with xenon chloride excimer (XeCl*) laser pumping. To improve the
solubility of these dyes in polar solvents, 2-methoxyethyl groups were substituted for propyl groups. This
new side chain also increased the lifetime by 40% with XeCl* pumping. To obtain dyes with other wavelengths,

the terminal hydrogens of oligophenylenes were substituted with ether or tertiary (t-) alkyl groups.
Substitution of two methoxy groups on a quaterphenyl gave a 12nm red-shift in the untuned lasing peak to
386nm. Cyclic 6-membered ether auxofluors gave a further 5nm shift to 391nm. Cyclic 5-membered ett-er groups
gave an additional 4nm shift to 395nm, with a 50% increase in lifetime, all when flashlamp-pumped. We
four.d that t-alkyl groups as auxofluors gave excellent lifetimes with either type of pumping. A bridged
terphenyl with t-alkyl auxofluors peaking at 358nm had outstanding lifetime when XeCl* laser pumped.
A doubly-bridged sexiphenyl with methoxy auxofluors made an outstanding laser dye when flashlamp pumped,
peaking at 415nm. A related sexiphenyl was equally good when XeCl* laser pumped, despite the presence of
ether auxofluors.

Introduction

While 2-phenylbenoxazole dissolved in cyclohexane was reported to Jase at 330nm with a 20%
conversion efficiency when pumped with the 4th harmonic of a Nd-glass laserl, and a series of benzoxazoles
in cyclohexane lased when XeCl* laser pumped

2
, and a pair of 2,6-diphenylbenzobisoxazoles in dioxane lased at

@390nm with 12-14% conversion efficiency and good lifetime when XeCl* laser pumped
3
; oxazoles in general do

not lase well when flashlamp pumped
4
. Oligophenylenes such as terphenyl (14 in Fig.8) and quaterphenyls

have been among the most sucessful laser dyes in the ultraviolet region of the spectrum
4
,5. However, their

lack of solubility, especially in polar, non-toxic, non-flammable solvents, has severely limited their use.
Attempts to place substituents on the internal ortho positions of the aromatic rings improved the

solubility, but reduced both the fluorescence quantum yield (FQE) and the conversion efficiency. Still, with
XeCl* laser pumping, this type of dye has given the shortest tunable lasing wavelengths ever reported
without frequency doubling

6
, and some dyes with exceptional lifetimes

7
. Sulfonation of quaterphenyl

produced a dye, "polyphenyl I", which was soluble only in viscous solvents, and apparently suitable only for
low power outputs . Placement of other solubility-promoting groups on the meta and para positions of the
outer phenyl rings had little effect on solubility unless the groups were large

9
, and even 12-carbon

substituents did not provide satisfactory solubility in the desirable laser dye solvents methanol, ethanol,
DMA, or DMF

I0
. Thus all types of simple substitutions were shown to have their limitations.

In bridged oligophenylenes such as fluorene (Fig.1) the ortho (o) carbon atoms of adjacent benzene
rings are connected, holding both rings in a plane, raising FQE and reducing Stokes' loss

I1
. Barnett et

al.
11 

showed that the o,o methylene-bridged quaterphenyls 2,2
1
-bifluorene and 2,7-diphenylfluorene (dyelin

Fig.2 where R=H) gave superior pulse heights to that of quaterphenyl in liquid scintillation counting, a
process related to lasing at least in that the SI-iS0 transition of the fluor or dye occurs mainly by
fluorescence. Pavlopoulos and Hammond suggested that methylene-bridged quaterphenyls might prove
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to be superior laser dyes
13

.

This was partly borne out when Rinke et al.
14 

reported very high conversion efficiency (but short
lifetime) for 2,2'-bifluorene when pumped with a XeCl* laser. Other bridged quaterphenyls, with oxygen and

with ethylene bridges, lased with lower conversion efficiency and greater lifetime. Kauffman et al.IO found
that 2,2'-bifluorene lased with high energy output when flashlamp-pumped, and then focused on dyes such as 1
(Fig.2) in which any benzylic hydrogen atoms on the bridge were replaced with propyl groups to obtain better
solubility and lifetime. It was found that these dialkylated carbon bridges were superior to oxygen,

nitrogen, or silicon bridges and also that in quaterphenyls a central single bridge was as effective as two

bridges, giving ultraviolet-emitting (@380nm) dyes with greatly improved lifetime (@30 KJ/I) as well as high
energy output. Use of ether groups as auxofluors improved all properties, and provided dyes with lasing
peaks at 386, 391, and 395nm

I 
. The present investigation sought to provide laser dyes which would (1) be

soluble in the water-miscible solvents mentioned above, (2) show both high energy output and extended life-

time with either flashlamp or XeCl* pumping, and (3) span a much greater range of wavelengths.

Experimental

The general methods of synthesis of the dyes, sources of solvents, determinations of solubilities
and measurement of spectral data including FQEs, and the triaxial flashlamp system (DL-1200, Phase-R, New
Durham, NH, USA) have been described

0 ,15
. The flashlamp data were taken over a period of 5 years. The data

in each Figure accurately represent the relative merit of the dyes in that Figure, since each grouptested on

the same day, and values for energy output and lifetime of Rhodamine 6G were obtained each time. Under
conditions where Rhodamine 6G in ethanol showed a lifetime (to 50% of initial laser pulse energy) of

30KJ/I, the adjusted initial energy outputs and lifetimes for some of the dyes were:

Dye No. Energy Lifetime

I 2mJ 30KJ/I

2 2 30

6 41 30

7 2 30

8 141 3

10 4 30

11 4 30

12 4 45

13 6 60

18 8 90

The XeCl* system (201 MSC, Lambda Physik, Gdttingen, FRG) pumped a dye laser (3002E, Lambda Physik)

equipped with high-speed flow cells. Both the oscillator/preamplifier and amplifier dye reservoirs
consisted of the small (@100ml) system of Lambda Physik. The procedures used were similar to those of
previous workers

5
. The excimer laser output was 130-190 mJ per pulse, and half of the excimer output was

used to pump the dye laser. A repetition rate of 3 Hz was used to determine the optimum dye concentration, at
which maximum lasing wavelength and conversion efficiency were measured. Photochemical stability

("lifetimes") of the dyes were determined at a repetition rate of 60Hz. The lifetimes are expressed as the
total absorbed excimer pump energy required to reduce the dye laser pulse energy to 50% of its initial
optimum value. Correction was made for degradation of the excimer laser output when needed.

Results and Discussion

Improved Side Chains
Dye I (Fig.2), a hydrocarbon, was compared with Dye 2, which bears 2-methoxyethyl groups instead of

propyl groups. This was intended to provide sites for hydrogen bonding with protic solvents such as
alcohols. Not much difference in solubility was observed in ethanol. A 66% increase was obtained in

methanol, and a 3-fold increase in N,N-dimethylformamide (DMF), a polar, non-toxic, water-miscible solvent

which is non-protic.

There was little difference between these dyes when they were flashlamp pumped in a mixture of
ethanol and N,N-dimethylacetamide (DMA). DMA was found more stable than DMF with flashlamp pumping.

With XeCl* laser pumping the conversion efficiencies were about the same, but the lifetime of Dye 2
was 27% greater.

The new 2-methoxyethyl side chains were superior to propyl side chains in solubility and lifetime

in the fluorophor tested.
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Improved Auxofluors
4-Alkoxyterphenyls (Fig.3). Terphenyls with a single ether auxofluor, acyclic in dye 3, cyclic in

dyes 4 and 5 had been reported not to lase when flashlamp pumped
1 5

. In this series both extinction
coefficients and quantum yields dropped, unexpectedly,

With XeCl* laser pumping dyes 3 and 4 lased with typical conversion efficiencies (10%) at this
wavelength, but short lifetimes. Dye a was not tested.

4,40
1
-Dialkoxyterphenyls (Fig.4). With flashlamp pumping dye 7 with its cyclic auxofluors had the

same lasing peak and lifetime as dye 6 but had @5X the energy output and better solubility. Dye 7 lases at
the shortest wavelength of any flashlamp-pumpable dye considered "good".

With XeCl* laser pumping these dyes had a typical conversion efficiency, but short lifetimes.
4,401-Dialkoxyguaterphenyls (Fig.5). With flashlamp pumping these dyes have poor energy output and

lifetime. This behavior seems due to poor coupling between the ends of these longer unabridged molecules in
the excited statel

5
.

4,4
11
'-Dialkoxy-3',2'-dipropylmethylenequaterphenyls (Fig.6). When dyes 8 and 9 were bridged, the

corresponding dyes O and 11 had much higher energy outputs and good lifetimes when flashlamp pumped. Dye 12
was constructed with 5-membered cyclic ethers bearing the 4 additional propyl groups to aid oxidative

stability, lifetime, and solubility
15

. A 50% improvement in lifetime over the other 2 dyes in this group was
also obtained. The expected red-shifts were obtained: 38643914395 nm, thus each dye is individually useful.

With XeCl* laser pumping these dyes had 13-20% conversion efficiency, but moderate lifetimes. This
behavior observed with so many dyes bearing ether auxofluors may be related to an absorption of the SI state
at 308nm

1 6
. Better auxofluors were sought.

Tertiary-Alkyl Groups on a Bridged Quaterphenyl (Fig.7). The low FQE attributed to the "loose

bolt" effect of the tertiary-butyl group on benzeneTF does not seem to apply in larger molecules.

Substitution of t-butyl groups for hydrogen in the bisoxazoles mentioned above raised the FQE in both cases
3
.

We found no difference in FQE between dyes 2 and the t-butyl version 13; moreover dye L3 had a significantly
higher extinction coefficient. When flashlamp pumped dye 13 had 3x the energy output and 2x the lifetime
of dye 2. A bathochromic shift in lasing peak of 7nm was observed. Dye 13 was also much more soluble.

With XeCl* laser pumping these dyes had 12-13% conversion efficiency, but dye 13 had a lifetime of
430KJ/1, about 2x that of dye 2. This was the first evidence of the value of t-butyl groups and auxofluors
in the terminal para positions of oligophenylenes. The value of t-butyl groups in the terminal meta
positions of oligophenylenes in promoting solubility and lifetime has been demonsiated

7
.

Extension to Dyes with Other Useful Wavelengths
Tertiary-Alkyl Groups on Terphenyls (Fig.8). In a series of simple terphenyls, including dyes 14

and 15, and quaterphenyls pumped by a XeCl* laser, we observed that dye 15 had the best lifetime, and that it
was 2X that of dye 14. Where dye 14 has 3 sets of four equivalent hydrogens, only the terminal hydrogens are
present as a pair. It seemed obvious that replacement of the other terminal hydrogen in dye 15 would give
a dye with very long lifetime. However, it was recognized that the t-butyl group does not project beyond the
"cylinder" of benzene rings, and that the symmetrical di-t-butyl compound would have been too insoluble; so
the di-t-amyl compound 16 was prepared instead. It was soluble enough, and doubled the lifetime of dye 15.
A bridged version with the better side chains was prepared, dye 17, which showed typical conversion
efficiency and a big improvement in solubility.

Doubly-Bridged Sexiphenyls (Fig.9). The "stretched" version of dye 12, the sexiphenyl 18, was found
to be an excellent dye when flashlamp pumped in DMA/ethanol, peaking at 415nm with a lifetime of 90KJ/I.
Unbridged oligophenylenes up to octiphenyls show a convergence in absorption maxima

I8
, extinction coefficien

and fluorescence maxima'' which limits their utility. Dyes 18 and 19 exhibit uniquely high values for all
3 properties.

Dye 19, despite the presence of ether auxofluors, had excellent properties when XeCl* laser pumped
in dioxane, including a lifetime of 97KJ/1.

Future develop ment will seek to combine all the desirable substitutions in the same molecule, as in
sexiphenyl 20 and octiphenyl 21 (Fig.10).
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Fig. 1: A Simple Bridged Oligophenylene
Fluorene is a biphenyl in which two ortho positions are linked by a methylene group.

It is obtained commercially from coal tar.

9
CH 2

81

6 5 4 3

fluorene

The 2- and 7-positions correspond to the para positions of biphenyl and are, accord-
ingly, the most reactive positions in electrophilic aromatic substitution reactions.

Fig 2. Improved Side Chains on Bridged Oligophenylene Laser Dyes

Property of Dye No.-* 1 R -CH2CH2CH3  2 R -CH2CH2 0CH3

Ultraviolet Xm, 322 nm Xmx 329 nm
Spectrum e 45,000 e 47,000

Solubility
DIIF I IX10-2r 3.3x 10-2rM
ethanol 1 .3x 10o-3 1 OX 10-3
methanol 5.8x10-4 9.x1-

Losing
Flashlamp P 374 nm 373 nm
in DMAethanol .1. 19 10 mJ at 20 KeV 10 mJ at 22 KeV

30 kJ/1 30 kJ/1
XeCl* P 376 nm 376 nm
in dioxane 12 %eff 13 %eff.

13 kJ/l 16.5 kJ/I
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NOVEL ENVIRONMENTS FOR LASER DYES

Guilford Jones, II* and Mohammad A. Rahman
Department of Chemistry, Boston University, Boston, MA 02215

Summary

Photophysical properties of coumarin dyes solubilized in aqueous poly(methacrylic acid)
(PMAA) solutions were investigated including measurement of absorption and emission maxima,
and fluorescence quantum yield and polarization. Significant enhancement of solubility
of the dyes in water was observed in the presence of high concentrations of PMAA (P/D > 500)
at low pH (<5). Subsequent to solubilization in the globular PMAA hypercoil, interesting
alterations of the photophysical parameters of the dyes were observed. For some dyes a
significant blue-shift of the emission maximum and enhancement of fluorescence quantum
yield were observed. Highly polarized fluorescence (P-0.3) of the PMAA solubilized dyes
indicated the presence of dye molecules in the hydrophobic microdomain of the PMAA hypercoil.
The extent of solubilization and alteration of photophysical parameters were found to be
dependent on dye structure (e.g., rigidity of the 7-amino-nitrogen, presence of tri-
fluoromethyl group at position 4). The study was also extended to some rhodamine dyes and
interesting alterations of ph-tophysical parameters were observed upon binding of dye
molecules to globular PMAA. Aggregation of these cationic dyes in moderately concentrated
aqueous solution was found to be retarded by addition of the polymer.

Introduction

Solvents play very important roles in the performance of dye lasers.1,2 Of the different
effects of solvents, worth-mentioning are controls on rates of photodegradation, aggregation
of the dyes at moderately high concentrations and optical inhomogeneity due to thermally
induced gradients of refractive index, developed during pumping. The solvent ethanol has
been the medium of choice for most dyes due to the reduced tendency for dye aggregation
and good photochemical stability associated with this medium. But for ethanol, optical
inhomogeneity remains a persistent problem which is particularly important for the develop-
ment of high power lasers and for continuous-wave dye lasers. On inspection of the optical
properties of solutions, water emerges as an ideal solvent for laser dyes. Specifically,
the variation of refractive index of water with temperature is much smaller than that for
ethanol.3 However, many laser dyes, particularly those that do not carry formal charges,
have very poor water solubility. Again, for most water-soluble laser dyes, aggregation at
moderately high concentration of dye in pure water remains a problem.1 Such aggregates
quench internally the dye fluorescence and prevent effective lasing.

Different approaches have been taken to increase the water solubility of laser dyes and
to create suitable aqueous media which can prevent aggregation and provide substantial
photostability. An interesting approach that addresses both the strategy of solubilization
of dyes in water and, in principle, provides "protective" media of high photostability
involves microencapsulation of dye in small colloid-like structures. Detergents or
cyclodextrins can provide such microenvironments which can solubilize the relatively water
insoluble dyes in the hydrophobic microdomains. Solubilities for coumarin dyes in water
are increased over fiftyfold (up to 1 x 10-3 M) by adding cetyltrimethylammonium bromide
(CTAB) or sodium dodecyl sulfate SDS) at 10-40 mM concentration. 4 Addition of 1% by weight
(10- 2 M) ,P-cyclodextrin to 5 x 10- M aqueous solution of rhodamine B retards dimerization of
the dye.5  Moreover such solutions are found to exhibit strong lasing, whereas pure aqueous
solutions of similar concentration do not lase. 5

Polyelectrolytes with ionizable side chain substituents linked to a hydrocarbon backbone
provide an opportunity for formation of hydrophobic microdomains in aqueous solution.
Depending on the degree of ionization, some polyelectrolytes attain different conformational
forms. Poly(methacrylic acid) (PMAA) is known to exist in three distinct conformational
forms at different pH regimes6 (Scheme 1). At pH lower than 4, the unionized PMAA attains
a globular form with the methyl groups projecting toward the interior of the globule due
to hydrophobic interaction. The carboxylic acid groups project outward and interact with
the water phase. The interior of the PMAA globule has been found to be rather non-polar
as measured using a pyrene emission probe.7 Unionized PMAA (mm - 105) aqueous solutions
are capable of solubilizing some polycyclic aromatic hydrocarbons such as phenanthrene,
anthracene, and pyrene derivatives. 8 On the other hand, at higher pH(>7), the carboxylic
groups are almost completely ionized, and the PMAA chain is stretched out due to repulsion
of the anionic groups. The hydrocarbon solubilizing power of the polymer is abruptly lost
under such condition.8 In the intermediate pH range of 4 to 6 the partially ionized and
partially open polymer attains a coiled conformation.9
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P1FR pH < 4 4 < pH < 6 pH > 6

Scheme i. Different conformational forms of poly(methacrylic acid) in aqueous solution.

In the present study solubilization and subsequent photophysical behavior of several
representative aminocoumarin dyes in water with added low molecular weight poly(methacrylic
acid) has been examined. The study has also been extended to several rhodamine dyes in
which case deaggregation of the dyes in moderately concentrated solutions (-10-4 M) and
subsequent restoration of luminescent properties result on addition of polymer.

Materials and methods

The structures of the coumarin and rhodamine dyes employed in the present study are
shown in Scheme 2. Cl was obtained from Aldrich and purified by recrystallization from
methanol/water. C35 was prepared and purified as previously reported.1  C102, C153, C120
and C339 and all the rhodamine dyes were laser grade dyes obtained from Eastman Kodak and
were used as received after checking the purity by thin layer chromatography. Poly(meth-
acrylic acid) used in the present study was synthesized by radical polymerization using
potassium persulfate as initiator. The polymer was purified by repeated precipitation from
methanolic solution by adding ethyl ether. Molecular weight of the polymer was found to
be - 15,000 by viscometry.

Dyes were employed at a concentration of 10- 5M for the measurement of absorption and
emmision spectra. For the determination of solubility of the dyes in aqueous polymeric
solution, 10- 3 M stock solution in ethanol was diluted to make 10- 5 M solution (filtered
where necessary), optical density of the resulting solution was measured and compared with
that of ethanolic solution. Absorption spectra were recorded on a Perkin-Elmer 552 spectro-
photometer. Emission spectra were recorded on a Perkin-Elmer MPF-44A fluorescence spectro-
photometer. Fluorescence quantum yields were measured using the cut and weigh method by
taking the previously known value of each dye in ethanol as standard.l 1 1 Fluorescence
polarization values (P) were measured by placing polarizers on the paths of the excitation
and emission beams and measuring the emission intensities with different combinations of
the plane of the excitation and emission polarizers.

Results and discussion

In the case of the study with coumarin dyes the most interesting alterations of the
photophysical properties of the dyes are observed upon solubilization in aqueous PMAA,
apparently in the globular PMAA supercoil (low pH, - 3). The extent of solubilization and
alteration of photophysical parameters are found to be dependent on dye structure (e.g.,
rigidity of the 7-amino-nitrogen, presence of trifluoromethyl group at position 4). Table
I summarizes different observable parameters of C 153 in water including absorption and
emission maxima ( Xa, Xf ) in presence of PMAA under different conditions of pH and P/D,
where P is the concentration of polymer monomer unit and D is dye concentration.
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Scheme 2. Structure of coumarin and rhodamine dyes.

C153 is practically insoluble in water. The data in table 1 indicate that water solu-

bility is considerably enhanced by adding PMAA at pH's 3 and 5. Under these conditions the

dye is solubilized in the hydrophobic non-polar domain of the polymer. At pH 8 the polymer

has no effect on solubilizing the dye in water, because the ionized rod-like polymer does

not maintain any hydrophobic pocket. PMAA solubilization highly enhances the fluorescence

quantum yield of the dye in water. At P/D higher than 200 Otf is even higher than the value

in ethanol. Actually, the enhancement of VIf can be taken as a measure of the extent of the

solubilizing effect of PMAA and Figure I shows a plot of Of for C153 vs. P/D under two

different conditions, pH 3 and pH 5.
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Figure 1. Fluorescence qunatum yield of C153 vs. P/D at pH 3 and pH 5

It is clear from figure 1 that though there remains a tendency for further enhancement of
O)f beyond P/D 1000, especially for pH 5; P/D 1000 can be taken to meet the optimum
condition for PMAA solubilization of C153.

Another important observation is that PMAA solubilization induces a solvatochromic blue-
shift of the emission maximum of the dye. The blue-shift reflects migration of dye mole-
cules from a polar aqueous environment to non-polar hydrophobic domain of the polymer. The
extent of this solvatochromic shift is found to be dependent on the pH of the medium.
Figure 2 shows the variation of Xf of C153 in aqueous PMAA at P/D 1000 with respect to pH
of the medium.

550

540

S530

520

C 510

E
500

490-

480
3 4 5 6 7 8

pH

Figure 2. Emission maximum ( Xf ) of C153 in aqueous PMAA at P/D 1000 vs. pi{ of the -edium.
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Figure 2 shows a very interesting feature. At high pH (above 6), where the ionized PMAA
attains an elongated rod-like conformation, the dye appears to reside in water without
experiencing the polymer environment. When the pH of the medium decreases, the polymer
starts to attain the coiled conformation entrapping the dye molecule in the hydrophobic non-
polar environment. This phenomenon is reflected by the gradual blue-shift of Xf. The
blue-shift of Xf attains a maximum at pH lower than 4 where the dye resides in the globular
PMAA practically free from water

Such solvatochromic shift of emission maximum for coumarin dyes is a well documented
phenomenon. The position of emission maximum of a solvatochromic coumarin dye in a parti-
cular solvent gives a measure of the polarity of the solvent. 13 Figure 3 shows the emission
spectra of C153 in different media, e.g.; water, ethanol, aqueous PMAA and cyclohexane.

1.0-

Cyclohexane

0.8-

-0.6 Water/PMAA

a %
0I

1 Ethanol

0.2 .. ,.. .

I - Water

400 450 500 550 600 650

Wavelength(nm)

Figure 3. Emission Intensity of C153 in different media.

It is seen from Fig. 3 that the emission maximum of the dye attains a gradual blue-shift
with a decrease in polarity of the medium. It also shows that the polarity of PMAA micro-
domain is very nonpolar (i.e., intermediate between that of ethanol and cyclohexane).
Quenching of the dye emission in aqueous solution and enhancement of the emission intensity
in the aqueous polymeric solution (P/D 1000, pH 3) is vividly evident in Fig. 3.

The study is extended to other coumarin dyes and the results are presented in Table 2.
Throughout the study the concentration of PMAA is kept as P/D 1000 as it has been found to
be the optimal.

The data included in table 2 show some quite interesting features.

a) Aqueous PMAA at low pH (< 5) solubilizes Cl, C35, C102 and C153 in the hydrophobic
polymer domain, which is indicated by the high value of fluorescence polarization, P(- 0.3).
Dyes having H atom substitution on the 7-amino nitrogen, namely, C120 and C339 do not enter
the polymer domain due to stronger H-bonding interaction with water.

b) PMAA solubilized dyes, namely, Cl, C35, C102 and C153 show a strong solvatochromic
blue-shift of fluorescence maxima.

c) For several dyes, namely, coumarin 1, coumarin 35 and coumarin 153 PMAA solubilization
highly enhances the fluorescence quantum yield compared to the values in water. For the
fluorinated dyes C35 and C153, Of values in aqueous PMAA globule are several times higher
than even the values in ethanol.
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The study was extended to a series of rhodamine dyes. In aqueous PMAA solution at high
P/D and low pH rhodamine dyes show red-shift of absorption and emission maxima, high values
for fluorescence polarization (P) and enhancement of fluorescence quantum yield in some
cases. Table 3 summarizes the photophysical parameters for different rhodamine dyes under
conditions of binding with PMAA at high P/D and loi, pH as compared to the behavior in pure
water.

The data in the Table 3 indicate that dye molecules are bound to the PMAA globule as
monomers. Enhancements of fluorescence quantum yield for PMAA bound rhodamine B and rho-
damine 3B are quite significant. High values for fluorescence polarization (P) indicate the
presence of dye molecules in the interior of the PMAA globule. Such solubilization of dye
molecules in the polymer globule could prevent aggregation of dyes at higher concentration.
Figure 4 shows absorption spectra of 10- 4M rhodamine 6G in water and in aqueous PMAA at
P/D 500 and pH 3.
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Figure 4. Absorption spectra of 10- 4M rhodamine 6G in water and aqueous PMAA at P/D 1000
and pH 3.

It is clear from figure 4 that even at 10- 4M concentration rhodamine 6G forms appreciable
amounts of aggregate in water and this aggregation can be removed by adding poly(methacrylic
acid) to the aqueous solution of the dye and adjusting P/D and pH.

Conclusion

Aqueous poly(methacrylic acid) appears to be an interesting medium for laser dyes of the
coumarin and rhodamine families. Enhancement of fluorescence quantum yield for some cou-
marins in such medium is significant. For rhodamine dyes retardation of dye aggregation in
water solution by the addition of the polymer suggest further utility for polyelectrolyte
solutions.
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Table 1. Absorption and emission parameters of C153 in aqueous PMAA at different pH's.

medium Xa(nm) O.D. Xf(nm) Of

Ethanol 422 0.215 525 0.38
Water 435 0.165 548 0.10

pH=3

P/D=50 427 0.065 492 0.18
P/D= 100 427 0.126 491 0.34
P/D=200 427 0.155 490 0.43
P/D=500 427 0.178 488 0.56
P/D=1000 424 0.191 487 0.62

pH=5

P/D=50 426 0.058 492 0.14
P/D= 100 426 0.107 491 0.29
P/D=200 426 0.140 490 0.45
P/D=500 426 0.171 489 0.58
P/D= 1000 426 0.191 488 0.67

pH=8

P/D=50 430 0.045 548 0.09
P/D= 100 430 0.077 548 0.10
P/D=200 430 0.091 548 0.11
P/D=500 430 0.102 548 0.09
P/D= 1000 430 0.102 548 0.08
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Table 2. Absorption and emission parameters of different coumarin dyes.

medium ka(nm) O.D. Xf(nm) Of P

C1
Ethanol 373 0.248 443 0.73 0.004
Water 385 0.225 467 0.09 0.067

P/D=1000, pH=8 385 0.215 467 0.06 0.069
P/D=1000,pH5 385 0.215 433 0.43 0.304
P/D=1000, pH=3 385 0.103 432 0.64 0.320

C35
Ethanol 402 0.234 500 0.09 0.045
Water 414 0.209 534 0.03 0.116

P/D=1000, pH=8 412 0.183 530 0.03 0.079
p/D= 1000, pH=5 405 0.205 470 0.41 0.30
P/D=1000, pH-=3 403 0.194 468 0.49 0.31

C102
Ethanol 389 0.227 462 0.95 0.011
Water 397 0.183 483 0.96 0.001

P/D=1000, pH=8 393 0.173 483 0.87 0.004
P/D=1000, pH=5 400 0.209 448 1.05 0.30
P/D=1000, pH=3 399 0.208 447 1.08 0.29

C339
Ethanol 378 0.298 442 0.85 0.014
Water 374 0.209 457 1.00 0.004

P/D=1000, pH=8 371 0.204 458 0.93 0.014
P/D=1000, pH=5 373 0.215 456 0.85 0.060
P/D= 1000, pH=3 372 0.194 456 0.82 0.063

Table 3. Photophysical parameters of rhodamine dyes in water and in aqueous PMAA at
P/D 1000 and pH 3.

System Xa(nm) xf(nm) Of P

R6G /H20 527 554 0.88 0.02
R6G/PMAA/H20 537 562 0.85 0.31
R3B/H20 559 585 0.25 0.02
R3B/PMAA/H20 569 590 0.65 0.30
RB/H20 553 579 0.33 0.02
RB/PMAA/H20 564 586 0.65 0.28
R 123 /H20 501 526 0.90 0.02
R123/PMAA/H20 510 531 0.89 0.26
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Abstract

The effects of B-cyclodextrin were explored on the lasing, fluorescence and UV absorp-
tion of selected laser dyes in aqueous solution. Three xanthene dyes; rhodamine 6G, rho-
damine B and the disodium salt of fluorescein were used with and without added 8-cyclodex-
trin. 3-Cyclodextrin enhances both fluorescence and lasing for all three dyes in concen-
trated dye solutions. In dilute solutions, -cyclodextrin can induce either enhancement or
quenching of fluorescence and absorption depending on the nature and concentration of dye.

The fluorescence, absorption and lasing of the 1, 3, 5, 7, 8-pentamethylpyrromethene-BF 2
complex and its 2,6-disulfonate disodium salt were examined in aqueous solutions for any
effects from added -cyclodextrin. No major, consistent effects were noted. The fluores-
cence of the pyrromethene salt was, however, markedly affected by dilution. The coumarin
laser dyes 7-hydroxycoumarin, Na and K salts of 7-hydroxy-4-methylcoumarin, coumarin 102
and coumarin 153 were studied witb and without 37cyclodextrin. 5-Cyclodextrin quenches the
absorpticn of the first two dyes ar.d does not affect coumarin 102. It enhances the fluores-
cence of 7-hydroxycoumarin and coumarins 102 and 153 but quenches the fluorescence of
freshly prepared solutions of the 7-hydroxy-4-methylcoumarin salts. Aging can affect these
observations. The lasing of the hydroxycoumarins is not affected by -cyclodextrin; how-
ever, lasing efficiency is very base sensitive.

Introduction

The effects of $-cyclodextrin (B-CD) were examined on the fluorescence, UV absorption
and lasing of aqueous solutions of selected laser dyes. Cyclodextrins have received
attention in recent years because of their ability to modify fluorescence, phosphorescence,
and UV absorption as well as to increase solubility and lasing.1 - 5 Examples of the well-
established xanthene and coumarin laser dyes were chosen as well as the recently synthe-
sized pyrromethene-BF 2 complexes. Among the factors which were considered were the con-
centration of the dye as well as the age and pH of the dye solutions.

Experimental

The laser dyes and B-CD were obtained from the following sources and were used as
received: Rhodamines B, 6G, the disodium salt of fluorescein and coumarins 102 and 153
(Eastman Kodak Company), 7-hydroxycoumarin, 7-hydroxy-4-methylcoumarin and B-CD (Aldrich
Chemical Company), sodium salt of 7-hydroxy-4-methylcoumarin (Sigma Chemical Company),
1, 3, 5, 7, 8-pentamethylpyrromethene-BF 2 complex and its 2,6-disulfonate disodium salt
(Dr. J.H. Boyer).

Fluorescence and absorption spectra were recorded on a Kontron SFM 25 spectrofluorometer
and a Perkin-Elmer Lambda 3B spectrophotometer, respectively. Spectra were determined at
ambient room temperature without thermostatting the cells. A Phase-R Corporation DL1100
flash-lamp-pumped dye laser was used for lasing determinations.

Aclueous solutions of the laser dyes were prepared in deionized water as follows. Ini-
tially, a stock solution was prepared of each dye. All subsequent dilutions were made
from these stock solutions. For studies with B-CD, an aliquot of each solution at the
desired molarity was removed and dry B-CD was added to make the aliquot 10- 2M in B-CD. This
procedure ensured that the concentration of the analyte remained constant both in the pres-
ence and absence of B-CD.

Results and Discussion

Xanthene dyes in aqueous solutions
We examined the laser dyes rhodamine 6G and B and the disodium salt of fluorescein in

aqueous solutions in the presence and absence of B-CD.6 The structure and dimensions of
B-CD as well as the structures of these dyes are shown in Figure 1.
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Figure 1. Structures of rhodamine 6G, rhodamine B, fluorescein
disodium salt, 6-cyclodextrin and the dimensions of -cyclodextrin.

The effects of dilution and B-CD on the fluorescence of these xanthene dyes are summari-
zed in Table 1. There is a blue shift in the fluorescence emission upon dilution of the
dyes. In concentrated (10- 3M) solutions, addition of B-CD induces fluorescence enhancement.
In more dilute solutions (10-4 to 10-8 M), however, variable B-CD effects are observed.

TABLE 1

2
EFFECT OF -CYCLODEXTRIN (10_ M) ON THE FLUORESCENCE EMISSION OF RHODAMINE 6G, THE DISODIUM

SALT OF FLUORESCEIN AND RHODAMINE B IN AQUEOUS SOLUTIONS

Dye FLUORESCEIN
conc. RHODAMINE B RHODAMINE 6G DISODIUM SALT
(M) ?em (nm) effect of Xem (nm) effect of Xem (nm) effect of

(?ex =5C0 nm) B-CD (Pex =475 nm) B-CD (Xex =450 nm) B-CD

10- 613-624 enhance 593-604 enhance 535 enhance

10- 587 quench 566-568 enhance 520 enhance

10 580 quench 553 quench 506 quench

10-6 574 quench 548 quench 503 quench

0- 7 575 quench 547 enhance 504 quench

10- 570 quench 547 enhance 500 quench

435



The addition of B-CD results in a strong quench of the UV absorption of the disodium salt
of fluorescein, Table 2. In contrast, B-CD induces an absorption enhancement and a slight
red shift for rhodamine 6G. Variable effects from B-CD are observed for rhodamine B,
depending upon the dye concentration.

TABLE 2

EFFECTS OF B-CYCLODEXTRIN (10-2M) ON THE UV ABSORPTION OF RHODAMINE 6G, RHODAMINE B AND THE

DISODIUM SALT OF FLUORESCEIN IN AQUEOUS SOLUTIONS.

FLUORESCEIN
DYE: RHODAMINE 6G RHODAMINE B DISODIUM SALT

CONC. (M) Amax effect of B-CD max effect of B-CD Xmax effect of B-CD
nm nm nm

i0- 487 strong quench

10 520 enhance 552 no effect 435,475 strong quench
shift to 527 nm shift to 450 nm

10 - 5 525 enh-nce 557 quench 435,475 strong quench
shift to 530 nm shift to 553 nm shift to 450 nm

10 - 6  525 enhance 557 quench 480 strong quench
shift to 530 nm shift to 553 nm sh 460

10 520 enhance 557 enhance
shift to 526 nm

Rather dramatic effects of B-CD on lasing are found with rhodamine B. Lasing in aqueous
solutions of this compound occurs only in the presence of B-CD. B-CD greatly enhances the
lasing of rhodamine 6G but only slightly enhances the lasing of the disodium salt of fluo-
rescein. These results are summarized in Table 3.

TABLE 3

THE LASING OF 10- 3M AQUEOUS SOLUTIONS OF RHODAMINE B, RHODAMINE 6G AND THE DISODIUM SALT OF

FLUORESCEIN IN THE PRESENCE AND ABSENCE OF 10- 2M a-CYCLODEXTRIN

DYE RHODAMINE B RHODAMINE 6G FLUORESCEIN DISODIUM SALT
SOLUTION lasing (kV) lasing (kV) lasing (kV)

THRESHOLD INTENSE THRESHOLD INTENSE THRESHOLD INTENSE

WITHOUT B-CD no lasing 15 18 12 14

WITH B-CD 11 14 8 12 11 13

We suggest that dispersion of xanthene dye aggregates by B-CD in concentrated solutions and
inclusion 7omplexation of dye monomers in dilute solutions may explain some of these
results.

Pyrromethene-BF2 complexes in aqueous solutions
The structures of the recently synthesized (Dr. J.H. Boyer's laboratories)

1, 3, 5, 7, 8-pentamethylpyrromethene-BF 2 complex and its 2,6-disulfonate disodium salt are
shown in Figure 2.
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1,3,5,7,8-pentamethylpyrromethene -BF 2 complex disodium 1,3,5,7,8-penarnethylpyrromethene-2,6-disufonate-BF 2 complex

Figure 2. Structures of 1,3,5,7,8-pentamfethylpyrromethene-BF 2 complex

and its disodium 2,6-disulfonate salt.

The fluorescence, UV absorption and lasing 
of these complexes as well as the effects of

B-CD are described in Tables 4 and 5. Overall, B-CD has no significant effect on 
the fluo-

rescence, UV or lasing of these complexes. 
It is noted that there is a considerable change

in the position of fluorescence emission and 
excitation maxima as the disodium salt of 

this

dye is diluted from 10-
3
M to 10-

8
M. This suggests that there may be aggregation 

of the dye

in concentrated aqueous solutions and dissociation 
to monomers in dilute solutions.

TABLE 4

FLUORESCENCE AND UV CHARACTERISTICS OF 1, 3, 5, 7, 8-PENTAMETHYLPYRROMETHENE-BF2 COMPLEX AND

DISODIUMI, 3, 5, 7, 8-PENTAMETHYLPYRROMETHENE-2,6-DISULFONATE-BF2 COMPLEX

1, 3, 5, 7, 8-pentamethylpyrromethene-BF2 complex:
very water insoluble. Em 496 nm Ex 484 nm

(Aex = 460 nm) (Aem = 530 rm)

effects of B-CD on fluorescence: slight quench of Em, when ?ex below 450 nm.

slight enhancement of Em, when Aex above 450 nm.

disodium 1, 3, 5, 7, 8-pentamethylpyrromethene-2, 6-disulfonate-BF 2 complex:

Fluorescence in aqueous solutions

Molarity 10 - 3  
10

- 4  i0 -
5 10

- 6  
10

- 7  
10-

Em Amax, nm 534 524 517 513 509 509

Aex=404 nm

Ex /max, nm 404 444 484 486 486 486

Aex=534 nm

effects of B-CD: very small enhancement (1-2%) of fluorescence

emission

UV aqueous solutions: Amax 490 nm. Not affected by B-CD
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TABLE 5

THE LASING OF AQUEOUS SOLUTIONS OF DISODIUM 1, 3, 5, 7, 8-PENTAMETHYLPYRROMETHENE-2,6-

DISULFONATE-BF2 COMPLEX IN THE PRESENCE AND ABSENCE OF 10-2M B-CYCLODEXTRIN

LASING RANGE: 530 - 555 nm

Molarity of
dye solution 13

-  
10-'

lasing (kV) lasing (kV)

threshold intense threshold intense

without B-CD 9 9 12 13

with B-CD 9 10 13 15

Coumarin dyes in aqueous solutions
The coumarin dyes 7-hydroxycoumarin, Na and K salts of 7-hydroxy-4-methylcoumarin, cou-

marin 102 and coumarin 153 were investigated. Their structures are shown in Figure 3.

CH3

HO 0 Xo 0 0
7-hydroxycoumarin X =Na, K

salts of 7-hydroxy-4-methylcoumarin

CH3  CF3

N 0~ 0 N 0 0

coumarin 102 coumarin 153

Figure 3. Structures of 7-hydroxycoumarin, Na and K salts of
7-hydroxy-4-methylcoumarin, coumarin 102 and coumarin 153.

The effects of B-CD on the fluorescence and UV absorption of these compounds are sum-
marized in Table 6. B-CD induces a UV absorption quench for 7-hydroxycoumarin and a
quench and red shift for the salts of 7-hydroxy-4-methylcoumarin. There is no effect on
the absorption of coumarin 102 and solutions of coumarin 153 were too dilute for meaningful
UV analysis with our instrumentation. Fluorescence is enhanced in the presence of B-CD for
7-hydroxycoumarin as well as coumarins 102 and 153. The latter two dyes also show a small
blue shift. The K and Na salts of 7-hydroxy-4-methylcoumarin, both show a quench of fluo-
rescence with B-CD in fresh solutions. The K salt was produced in situ using KOH and
7-hydroxy-4-methylcoumarin in solution with a final pH 11.6. The Na salt was used as
received and gave a solution with pH 9.0. It is noted that with age, both of the solutions
of K salt and Na salt undergo shifts of fluorescence excitation \ma _o shorter wavelengths.
Als with age, solutions containing B-CD retain their fluorescence intensity longer than
soluLions without B-CD. The protective effect of B-CD against photodecomposition has been
reported.

7
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TABLE 6

FLUORESCENCE AND UV CHARACTERISTICS OF SELECTED COUMARINS IN AQUEOUS SOLUTIONS IN

TilE PRESENCE AND ABSENCE OF 10- 
2
M B-CYCLODEXTRIN

7-hydroxycoumarin Na or K Salts of Coumarin 102 Coumarin 153

7-hvdroxy-4-methylcoumarin,

10- 3  10- 3M in basic solutions 10- M _0- M

fluorescence, Em 451 Em 445 Em 485 Em 536

Xmax, nm (ex 358; (ex 402) (ex 403) (ex 423)

Ex 358 Ex 402 Ex 403,378 Ex 424,430

(Em 451) (Em 444) (Pm 485) (Em 536)

effect of B-CD small quench enhancement enhancement
enhancement blue shift to blue shift to

476 nm 531 nm

UV, Xmax, nm 324 362 392

effect of B-CD quench quench no effect
red shift to

366 nm

B-CD has no major effect on the lasing of 7-hydroxycoumarin or the Na and K salts of

7-hydroxy-4-methylcoumarin. Our lasing results are shown in Tables 7-9. We found no pre-

vious reports of 7-hydroxycoumarin lasing in aqueous solution. Its lasing range in aqueous

solution is 450-473 nm. The lasing of the K and Na salts of 7-hydroxy-4-methylcoumarin is

very base sensitive. Lasing for the K salt is obtained over the dilution range 4x10-
3M to

5x10"-M (similar to earlier results
8 ) and a pH range of 11.6 to 11.1. However, at pH 12,

only the concentrated, 4x10-
3M, solution gave very weak lasing. Thus, aqueous basic solu-

tions do not appear to be good lasing media for these coumarins.

TABLE 7

LASING OF K SALT OF 7-HYDROXY-4-METHYLCOUMARIN IN BASIC AQUEOUS SOLUTION WITH AND WITHOUT

B-CYCLODEXTRIN. LASING RANGE 445-460 nm.

dye solution, B-CD pH lasing threshold lasing threshold

molarity molarity without B-CD,kV with B-CD, kV

4 x 10 - ' 1 x 10
-

2 11.6 10.5 10.5
2 x 10- 3  5 x 10 -

33 11.3 10.5 10.5
1 x 10 2.5 x 103 11.2 10.5 12

5 x 10- ' 1.3 x 10 3 11.1 11 12.5
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TABLE 8

LASING OF Na SALT OF 7-HYDROXY-4-METHYLCOUMARIN IN AQUEOUS SOLUTION (pH=9) WITH AND WITHOUT

10-
2
M B-CYCLODEXTRIN

pump input energy, kV average laser output, mj average laser output, mj

soln. without B-CD soln. with B-CD

lasing of 12 1.27 1.97

1 x 10-
3
M dye

solution 14 4.97 3.93

lasing of 12

5 x 10- M dye

solution 14 1.4 0.9

TABLE 9

LASING OF 10-
3
M AQUEOU SOLUTIONS OF 7-HYDROXYCOUMARIN (pH=5) IN THE PRESENCE AND ABSENCE OF

10- M B-CYCLODEXTRIN LASING RANGE: 450-473 nm

pump input energy, kV average laser output, mj average laser output, mi

soln. without B-CD soln. with B-CD

lasing _f

1 x 10 M dye 12 .97 1.09

solution 14 3.34 3.30
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CHROMIUM DOPED FORSTERITE LASER
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Abstract

Spectroscopic, quantum electronic, and laser properties of chromium-doped forsterite
(Cr:Mg 2 SiO 4 ) are reviewed. Spectroscopic data suggest that the lasing center in chromium-doped
forsterite is tetravalent chromium ion (Cr 4 +), not the common trivalent chromium (Cr 3 +). Pulsed,
continuous-wave, and tunable operation in the 1167-1345nm region are presented.

Introduction

During the last 10 years tunable solid state lasers have emerged as an alternative to dye lasers. Dye
lasers have the advantage of high gain, low cost, and there are many dyes spanning the visible and near
infrared region. Many disadvantages of dye lasers such as toxicity, poor long term reliability, narrow
wavelength range, make dye lasers unsuitable for hospital, airborn, mobile, or spaceborn use. Tunable
solid state lasers are expensive to build and have lower gain coefficient. On the other hand, tunable
solid state lasers offer broad tunability range, higher reliability, compactness and long term stability.

Chromium-doped forsterite (Cr:Mg 2 SiO 4 ) laser is an important member of the ever growing family
of tunable solid state lasers based on chromium ion as the lasing center. 1-3 Pulsedl and continuous-
wave 4 laser operation have been achieved for 532-nm and 1064-nm.The tuning range now covers the
1167 - 1345 nm range. 5 The most interesting and distinguishing feature of laser action in Cr:Mg 2 SiO 4
is that the lasing ion is not trivalent chromium (Cr 3 +), as is the case with the rest of the
chromium-based lasers, the active ion is tetravalent chromium (Cr 4 +).

In this presentation, we review the spectroscopic and laser properties of chromium doped forsterite

Spectroscopic Properties

The spectroscopic properties of forsterite distinctly depend on the growth atmosphere since the
relative concentration of Cr 3 + and Cr 4 + ions in Mg 2 SiO4 depends on the growth atmosphere. Growing
the crystal in a reducing atmosphere the relative concentration of Cr 4 + ions can be reduced and that of
Cr 3 + increased. We will compare measurements on crystals grown by Czochralski 6 method under
standard conditions with those grown in reducing atmosphere. and attempt to identify the contributions
from different centers.

Earlier spectroscopic work 8 on chromium-doped forsterite was based on the assumption that only
trivalent chromium (Cr 3 +) substitutes for the octahedrally coordinated Mg 2 + ions in Mg 2 SiO4 host.
There are two inequivalent Mg 2 + sites in forsterite, one with mirror symmetry (Cs) and the other with
inversion symmetry (Ci). Trivalent chromium ion enters the inversion and the mirror site in a ratio of
3:2. The existence of Cr 3 + ions in the two sites in the ratio given above has been verified by EPR and
ENDOR measurements.9, 10 Our recent spectroscopic measurements indicate that, in addition to Cr 3 +
ions in those sites, tetrahedrally coordinated Cr 4 + ions are also present in the Czochralski-grown
forsterite. Similar conclusions have been reached for crystals grown by LHPG method as well. 7

The absorption spectrum of Cr:Mg 2 SiO 4 grown under standard conditions (referred to as sample 1,
henceforth), for different orientation of the crystal are shown in Fig. I. The spectra are characterized
by three broad absorption bands spanning the near ultraviolet to near infrared spectral regions. The
absorption spectra depend strongly on the polarization of the incident radiation with respect to the
crystallographic axes of the host. In particular, the peak position of the strongest band in the red-green
spectral region shifts considerably with the polarization. Smaller shift has been observed in the near
infrared region as well. The polarization dependence of the absorption spectra may be explained in
terms of lower site symmetry of chromium ions invoking the polarization selection rules.

To distinguish between the contributions from Cr 3 + and Cr 4 + ions to the absorption spectra, we
have complemented the absorption spectrum in Fig. I by the spectrum of sample 2 which was grown in a
reducing atmosphere, shown in Fig. 2. Sample 2 contains mostly Cr 3 + ions as compared to sample I
which has both the Cr 3 + and Cr 4 + centers. The near infrared absorption band is almost missing in the
spectrum of sample 2, which implies that the band is due to transitions within the states of Cr 4 + ion.

For the visible and the near ultravioet absorption regions the contributions from the two valence
states cannot be distinguished so easily since the absorptions due to Cr 3 + and Cr 4 + ions overlap in
these spectral regions. To gain further insight, we have analyzed both the spectra in terms of Tanabe-
Sugano formalism. 11
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Fig. I Room temperature absorption spectrum of Fig. 2 Room temperature absorption spcctrum
Cr: Mg 2 S iO4 grown under standard conditions of Cr: Mg 2 S iO 4 grown in a reducing atmosphere
for all three crystal orientations for two different crystal orientations.

We have taken Cr 3 + to be in octahedrally coordinated sites and Cr 4 + to be in tetrahed rally coordinated
sites. Comparison of the predicted values of tetrahedral Cr 4 + and octahedral Cr 3 + in forsterite with the
measured values are presented in Tables 1 and 2, respectively. The transition assignments in Figs. Iand 2 follow from this analysis.

TABLE 1: Energy Levels of Cr 4 +:Mg 2 SiO4  TABLE 2: Energy Levels ofCr 3 +:Mg2SiO4

Energy (cm-i) Energy (cm-i).
Transition Measured Predicted Transition Measured Predicted

-3T9,150 (9,150) 4 A 2 -4T 2  15,100 (15,100)
A2 -, 53T 15,430 15,150 4 A 2 02E 14,450 14,600

3 A 2 --*IE 15,875 16,245 4 A 2 .--2TI 15,380 15,300
3 A2--*3 T t 26,810 26,800 4 A 2 -.-,2 T 2  21,050 21,300
3 A2--- IT 28,735 28,700 4 A 2 ---4 TI a 21,500 21,780

8,750 (8,750) 4 A2-- 4 TGb 33,780 33,940

4T2---________4A2_ ___I1,100 (1 1,100)
2E --44A 2  14,450 14,600
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Predicted values given in Table I are based on Tanabe-Sugano diagram for tetrahedral Cr 4 * with
parameters: B=970 cm- 1 , C=3,980 cm- t , and Dq=915 cm-1. For bands whose position vary with the
polarization of the incident light, average position (the centroid of three bands marked 3 T, in Fig. 1,
for example) is taken for this analysis. Predicted values shown in Table 2 are based on the Tanabe-
Sugano diagram for octahedral Cr 3 + with parameters: B=695 cm-1, C=3,130 cm- 1 , and Dq=l,510 cm- 1 .
The Tanabe-Sugano diagrams, with transitions indicated, are presented in Figs. 3 and 4.

The fluorescence spectra of Cr:forsterite taken for the Cr 4 +-rich sample (sample 1) are shown in
Figs. 5 and 6. The spectra for sample 2 (containing mostly Cr 3 +) are shown in Fig. 7. The room
temperature spectrum taken with sample I, excited by the 488-nm line of Ar+ laser, is a broad band
spanning 680 - 1400 nm range. At liquid nitrogen temperature the spectrum breaks up into three
structured bands. The fluorescence covering the 1100 - 1400 nm range is the Stokes-shifted counterpart
of the near infrared absorption, and is attributed to 3 T2 -. 3 A2 transitions in Cr 4 + ion. The sharp zero-
phonon line corresponds to purely electronic transition between the 3T 2 and 3A2 states and appears as a
prominent feature in both absorption and emission spectra. Near infrared room temperature and liquid
nitrogen temperature absorption and fluorescence spectra (fluorescence excited by 1064-nm radiation)
for ElIb axis are shown in Fig. 6. Features displayed in Fig. 6 are completely absent from the near
infrared spectra of sample 2.

2
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0 0 ABSORPTION
003
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0 ,00 " - 0 -

900 1200 1500
700 900 1100 1300 1500 WAVELENGTH (nm)

WAVELENGTH (nm)
Fig. 5 Room temperature (thicker line) and liquid Fig. 6 Room temperature (solid line) and liquid
nitrogen temperature (thin line) fluorescence nitrogen temperature (broken line) absorption and
spectrum of Cr:Mg 2 SiO 4 grown under standard fluorescence spectra (fluorescence excited by 488
conditions for 488-nm excitation parallel to b axis. nm radiation) of Cr:Mg2SiO 4  grown under standard

conditions for E II b axis.

The sharp line at 692 nm observed at liquid nitrogen temperature is attributed to 2 E- 4 A2 transition (R-
line) in Cr 3 + ions. This line, followed by a structured sideband that extends to 750 nm is also present
in the fluorscence spectrum of sample 2. These features are shown as insets in Figs. 5 and 7.
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Fig. 7 Room temperature (thicker line) and liquid nitrogen temperature (thin line) fluorescence
spectrum of Cr:Mg2SiO 4 grown in a reducing atmosphere for 488-nm excitation and E II b
axis. The spectra were taken with PbS detector which was not sensitive enough to detect the
692-nm zero-phonon line and its sideband shown in the inset. These features were resolved
with a photomultiplier tube with S-20 response.
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The room temperature spectrum of simple 2 extends only to 1200 nm, and shows contribution from
Cr 3 + ions predominantly. The emission ,ransitions for both Cr 3 + and Cr 4 + ions are indicated in the
Tanabe-Sugano diagrams.

We have measured fluorescence lifetime as a function of wavelength both at room and liquid
nitrogen temperatures using streak camera coupled to a spectrometer. The fluorescence lifetime for Cr 4 +

emission in 1100-1400 nm range is 2.7 gs at room temperature, and 25 gIs at liquid nitrogen

temperature. The 15 pts lifetime measured at shorter wavelengths, characteristics of Cr 3 + fluorescence,
did not change significantly at liquid nitrogen temperature. Temperature dependence of the fluorescence
lifetime indicates presence of strong nonradiative relaxation for Cr 4 + ions, which is not so prominent
for Cr 3 + ions in this temperature range.

30 p-

0

0

0 1,

0 100 200 300 400

TEMPERATURE (°K)

Fig. 8 Temperature dependence of the fluorescence lifetime of chromium-doped forsterite for

1064-nm excitation.

Laser Operation

I. Pulsed Laser Action

Laser experiments were conducted with samples rich in Cr 4 + in a stable cavity. Details of the cavity

arrangement is shown in figure 9 and have been described elsewhere. 15

LASER
CAVITY

L M. S M, F,

nNd: YAG LASER

F,

Fig. 9. Cavity arrangement for the forsterite laser

The fundamental and the second harmonic beams from a Q-switched Nd:YAG laser operating at 10-

1l1 repetition rate were used for excitation of the near infrared and the visible bands. Pulsed laser

action was observed for both the 1064-nm and 532-nm pumping. ] The amplitude and duration of the

Ct:Mg 2 SiO 4 laser pulse, as well as its delay with respect to the pump pulse, varied with the pump pulse

energy fluctuation. For similar level of excitation and within the time resolution of the experiment, no

difference in the delay between the pump pulse and the output laser pulse for the two pump wavelengths

was observed.The spectra of the free-running laser radiation for both the 1064-nm and 532-nm pumping

peaked at 1235 nm and had linewidth of 30 nm and 27 nm, respectively. These facts clearly indicate that

the same center is responsible for laser action for both the 1064-nm and 532-nm excitations. In case of

1064-nm pumping the lasing level is directly populated. Similar results were obtained for pumping with

the 629-nm radiation ",btained by stimulated Raman scattering of the 532-nm radiation in ethanol.
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To improve the laser performance, sample I was anti-reflection coated such that reflectivity over
the 1050-1250 nm range was less than 0.5 %. Attempts were made to overlap the pump beam and the
cavity mode more accurately. The sample was longitudinally pumped by 1064-nm. 10-ns pulses from a
Q-Switched Nd:YAG laser in a cavity similar to that used earlier. Different sets of laser mirrors were
used. Summary of the laser performance for three different laser cavities is presented in Table 3.

TABLE 3: Summary of Laser Parameters for Pulsed
Laser Operation (1064-nm pumping)

Output Coupling
Parameter 13% 2% 6%

Lasing 1200 nm 1235 nm 1250 nm
Wavelength
Free-running - 30 nm -
Bandwidth
Threshold 0.38 mJ 0.20 mJ 0.27 mJ
Abs. Energy
Slope 22.8% 5. 1% 12.1%
Efficiency

Gain Cross 1.40 1.44 1.40
Section
(10-19 cm 2 )

Surface damage-of the Cr:forsterite laser crystal was observed for pumping energies greater than

4m]. for 5ns pulses, at 10Hz repetition rate, focused to 250ltm radius spot.This corresponds to damage

threshold energy density greater than 6J/cm 2 , for 5ns pulses. Therefore, a lcm diameter laser pumped
forsterite rod can be used to generate high energy pulses in the joule range.

Output energy of the forsterite laser as a function of absorbed pump energy for three different
output couplers is shown in Fig. 10.

4

dc 3

LI

LL~chT 13%

-J

h1 T=6%

:D

0 I 2 3
ABSORBED PUMP
ENERGY (mJ)

Fig. 10 Output energy of Cr:Mg2SiO4 laser as a function of absorbed pump energy for

1064-nm pumping and E II b axis for three different output couplers.

Using data from Table 4 we have estimated the passive loss L of the forsterite laser to be 11%. and

calculated the laser gain cross section.
Laser gain cross section shown in Table 4 for three different output mirrors was calculated using

the expression 1 3
2 2

ltt phv[,OL(L+T)(a +1)

4J 41-exp (-ctl)] 1 -exp(- cp/.T)1EPth

where tp is the pump pulsewidth, hvp is the pump photon energy, (OL is the cavity mode spot size, L is

laser internal loss, T is the output mirror transmission, a=op/(oL, where op is the pump beam spot size,

x is the upper lasing level radiative lifetime taken to be -25 Vs, c is the absorption coefficient for the

pump radiation, I is the length of the crystal, and Epth is the threshold pump energy incident on the

crystal.
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I!. Continuous-Wave Laser Operation

To obtain cw laser action a sample of chromium-doped forsterite (sample I) was placed at the center
of a nearly concentric cavity formed by two 5-cm radius-of-curvature mirrors such that a cavity mode
waist was 75 g~m. The output mirror was dielectric coated to have -1% transmission for the 1175 - 1250
nm range, and to transmit most of the 1064-nm pump beam. The pump radiation from a cw Nd:YAG laser
was focused by a 75-mm focal length lens to pump the sample longitudinally along the 30 mm path
length. The pump beam was linearly polarized along the b axis and propagated along the a axis of the
crystal . The beam was chopped at a duty factor of 9:1 to reduce heating effects. The waist of the pump
beam at the center of the sample was measured to be 70 gim.

Quasi-cw laser operation was obtained for pumping above the lasing threshold of 1.25 W of
absorbed power. The measured slope efficiency was 6.8%. The cw output power of the Cr:forsterite
laser as a function of absorbed pump power is displayed in Fig. 1 1. Laser operation was possible even
when the pump beam was not chopped, but at 40% reduced output indicating losses induced by local
heating.

The spectrum of the free-running laser output peaks at 1244 nm and has a bandwidth of 12 nm.
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a 25
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ABSORBED PUMP POWER (W)

Fig. II Output power of the cw Cr:Mg2SiO 4 laser as a function of absorbed pump power.

Using results obtained from CW lasing experiment, a value of 12.7% for L the internal loss has
been estimated 12 This value is in reasonable agreement with the value of 11% obtained from pulsed
measurements. The gain cross section was estimated to be 1.47x10- 1 9 cm 2, in excellent agreement with
the value obtained from pulsed laser experiments, Threshold population inversion density was estimated
to be 1.6x101 7 cm - 3 . The key continuous-wave laser parameters are summarized in Table 4.

TABLE 4: Properties of cw Laser Operation
of Cr:Mg 2 SiO 4 laser

Property Value

Lasing Wavelength 1244 nm
Spectral Bandwidth 12 nm
(F WHM)
Lasing Threshold 1.25 W
(Absorbed Power)
Slope Efficiency 6.8%
Threshold Inversion 1.6 x 1017 cm- 3

Density
Gain Cross Section 1.47 x 10-19 cm 2

Ill. Tunable Operation of Forsterite Laser

Tunable operation of Cr:forsterite laser has been obtained over the 1167 1345 nm spectral
range, 5 using single crystal quartz birefringent plate, extending the tuning range of chromium-doped
laser crystals further into near infrared. The ratio of the Cr:forsterite laser output to the absorbed pump
energy as a function of wavelength is shown in Fig.12
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Fig. 12 The ratio of the Cr:forsterite laser output (EL) to the absorbed pump energy (Ep)
as a function of wavelength. The three curves correspond to the three output couplers
used in tuning measurements.

Conclusion

Measurements of absorption and emission spectra , as well as the wavelength dependence of
fluorescence lifetime indicate that chromium ion may enter forsterite (Mg 2 SiO 4 ) host in more than one
valence states. Trivalent chromium (Cr 3 +) enters substitutionally for divalent magnesium (Mg 2 +) in two
inequivalent octahed rally-coordinated sites, while tetravalent chromium (Cr 4 +) substitutes presumably
for Si4+ at tetrahedrally coordinated sites. Of the two Cr 3 + centers, the one with mirror symmetry (Cs)
is optically active and accounts for a number of features in absorption and emission spectra. The
absorption and emission due to transitions within the states of Cr 4 + ion overlap with those within the
states of Cr 3 + ion. The absorption and emission in the near infrared spectral region between 850 and
11 50 nm is primarily due to transitions between the 3 A2  ground state and the first excited state 3 T2 , of
the Cr 4 + ion. The four-level, vibronic mode of laser operation in Cr-doped forsterite feeds on 3T2-3A2
transition.

Chromium-doped forsterite is an important laser in the near-infrared spectral region. Table 5 lists
the thermal and optical properties of forsterite and YAG crystals, which suggests that forsterite may be
developed in a reliable tunable source of radiation for the near infrared region. Forsterite can be
operated both in the pulsed and cw mode of operation and is tunable over 1167 - 1345 nm range. The
large fluorescence bandwidth promises ultrashort pulse generation through mode-locked operation.
Since large single crystals can be easily grown, the crystal has potential for being used as an amplifier
medium in the near infrared spectral region and to produce joule energy pulses .

Taible 5@ Physical. Thermal and Optical Properties of Forsterite and YAG Crystals
Forsterite YAG

Chemical Formula Cr:Mg 2 SiO 4  Nd:Y 3 Al 5 012

Concentration (cm 3 ) -3-6x 10 t 8 1.38 x 1020
Melting Point (°C) 1890 1970

Density (g/cm 3 ) 3.22 4.56
Mob's Hardness 7 8.5
Thermal Expansion Coeff. 9.5 x 10.6 8.0 x 106
Thermal Conductivity 0.08 (@ 300°K) 0.13 (@ 300°K)
(W/cm°K)
an/aT (*K l ) Not Measured 7.3 x 106

Emission Bandwidth 1350 cm 1 6 cm* l

Stimulated emission 1.44 x 1019 6.5 x 10-19

Cross Section (cm- 2 )
Relaxation time of Terminal <10ps (Estimated) 30ns
Lasing Level
Radiative Lifetime 25 ps 5501.s
Spontaneous Fluorescence 2. 7Its 230g1s
Loss Coefficient 0.02 cm -  0.002 cm'I

Index of Refraction 1.635 1.82 (@1,04m)
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OPERATIONAL CHARACTERISTICS OF AN IMAGING, UNSTABLE RING RESONATOR USING
ND:YLF AS ACTIVE MEDIUM
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Abstract

We have constructed and tested an imaging unstable resonator using Nd:YLF as the active medium.
Incorporated in this oscillator are a small angle Faraday rotator and a pair of etalons (10 mm, R = 60%,
and 2 mm, R = 25%) that guarantee unidirectional, single-axial-mode operation of the oscillator.
Q-switched monomode operation is obtained through self-injection seeding. The oscillator has been
characterized in the time, frequency, phase, and spatial domain using fast diodes, high-resolution
interferometry and near-field photography.

a Permanent address: Physics Department, INHA University, Inchon, Korea.
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I. Introduction

Unstable resonators are an attractive solution for high-gain laser systems. They are widely used
commercially in Nd:YAG, C02, KrF, and other laser systems. They have been shown to be well suited for
injection-seeded mono-mode lasers1,2, 3 operating in the Q-switched mode, particularly with Nd:YAG as
active medium lasing at X = 1.064 .m. In addition, the central hole usually associated with unstable
resonator outputs, as well as the strong diffraction patterns associated with the limiting apertures in
these laser systems, have been eliminated or largely mitigated through the use of appropriately graded
reflectors. 4  However, no detailed phase maps have been obtained for the output beams of these lasers
and one should expect significant phase distortions associated with these graded mirrors.

On the other hand, Nd:YLF, which lases at X = 1.054 .m (or 1.047 .m), has not seen as much
development as Nd:YAG, in part, because of its uniaxial crystal structure that exhibits gain only for
linearly polarized light in its commonly available form. This precludes the use of circularly polarized
light inside the active medium to avoid spatial hole-burning effects in linear resonators, making
monomode operation much more difficult. For the same reasons it is much harder to design powerful
monomode injection laser sources analogous to those developed for Nd:YAG. 5

Nd:YLF is a very attractive laser medium due to its thermo-optic properties and its low index of
refraction, which lead to very low depolarization and thermal lensing problems. 6 In addition, Nd:YLF can
be operated at very high gain, particularly at , = 1.047 urn where a gain over 1000 is achievable. 7

Therefore, this active medium is of considerable interest for applications in unstable resonators for small,
but powerful lasers.

2. Experimental Layout

Experimental and theoretical work on unstable laser resonators has been discussed in the literature
extensively. 8  Negative-branch, imaging unstable resonators, on the other hand, have only been
discussed theoretically. 9 , 10

A negative-branch, imaging unstable ring resonator may be thought of as a Newtonian telescope
wrapped around in a ring such that the magnified image of the scraper mirror is projected onto itself
after one round trip (see Fig. 1). The two confocal lenses making up the telescope (focal lengths fl =
25 cm and f 2 = 50 cm) have the scraper mirror in one of their two common focal planes and a pinhole of
variable aperture in the other. In the collimated section and just ahead of the scraper mirror is the
active medium, which separates the cavity into a high- and a low-intensity section. Damage-prone
elements, such as intracavity etalons, are preferably placed in the low-intensity region between the long-
focal-length lens and the active medium.

(f =25 cm)

PC Nd:YLF FR1_0=5 m

S 'Y alignment

_JL .4Golaser

ring-shaped tlcavlty dump X/2 etalons
output output

E5470

Fig. 1. Optimized setup for imaging, negative branch, unstable resonator. The length of the cavity is
L =-2f, + 2f2. The collimated section of the resonator can be separated into high-intensity and
low-intensity regions as indicated by the dot density in the beam cross section.
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Our study of this oscillator was directed toward evaluat:ng its capability to operate as a monomode
(single-axial-mode) oscillator. To this end we have placed a Faraday rotator with a X/2 wave plate into
the low-intensity section of the ring to achieve unidirectional operation. (The rotator was a readily
available 220 permanent magnet rotator, although, a much smaller rotator capable of a few degrees of
rotation should be sufficient.) Reliable monomode operation was observed with a pair of solid glass
etalons, a 10-mm and a 2-mm thick with 65% and 25% reflective coatings, respectively.

The experimental layout for the imaging unstable resonator is shown in Fig. 1 in a configuration in
which we avoid placement of any optical components in regions where the intracavity intensity exceeds
the intensity at the output of the active medium. Also shown in this figure is a Q-switch Pockels cell and
a polarizer. The latter is necessary if the Q-switch is combined with a cavity dump arrangement in order
to extract a pulse without a central hole. However, this arrangement is energetically interesting only if
the laser-pulse duration and the high-voltage switching times are of the order of the cavity round trip
time (" n in our case).

The scraper mirror used in these experiments was a mirror at Brewster's angle that was coated for
high reflectivity for "p" polarization everywhere except in the central, elliptical hole, which was left
uncoated. Thus, the central, circular (2.5-mm) beam suffered minimal losses at this mirror while the
outer ring was ejected from the cavity. The mirror was fabricated in-house using lithographic
techniques.

The placement of optical components inside the collimated section of the cavity required a small
adjustment of the cavity length to preserve proper imaging. We determined this adjustment, as well as
the exact focal lengths of the lenses, experimentally using an upcollimated diode-pumped Nd:YLF
alignment laser operating at 1.053 g.m whose state of collimation was verified with a lateral shearing
interferometer.

The same diode-pumped laser, shown in Fig. 1, was used to align the cavity. The laser was injected
into the cavity through one of the high reflectance mirrors and collimated at =2-mm FWHM at the
scraper mirror. Proper alignment of the cavity requires pointing and centering of the beam inside the
cavity after one round trip, where the scraper mirror is the centering reference. Proper pointing is
achieved by viewing the reflection from the polarizer. High-contrast interferograms can be obtained by
appropriately rotating the X/2 plate of the Faraday rotator. The interferogram is produced by successive
reflections from the polarizer after the first, second, etc., passes through the cavity. The cavity is
properly pointed if an infinite fringe interferogram is obtained. Correct centering is verified in the
reflection from the scraper mirror where one can easily distinguish the first reflection from that after
one round trip. It also allows for easy centering of the active medium and the Faraday rotator, both of
which were 1/4-in, rods and produced sufficient diffraction of the alignment laser to allow accurate
alignment. This alignment procedure leads to excellent alignment within 2 to 3 iterations. Positioning of
the variable aperture pinhole (_>700-1am diameter) is easily and accurately done with the alignment laser
after the final alignment iteration. Apart from final adjustments to the Fabry-Perot intracavity etalon
this alignment procedure requires no further active corrections to reduce the lasing threshold or improve
the beam quality. In fact, attempts to make further improvements during actual laser operation have
not been very successful. The interferograms, etc., were viewed with a CID camera and stored on a
computer using a video frame grabber.

3. Results

In these experiments the laser was operated as a pulsed monomode laser in both the free-running
(relaxation oscillation) and Q-switched mode. We have analyzed the output intensity and phase-front
distribution as well as monomode behavior of the output. All time-integrated, spatially resolved data
were digitized for numerical processing at a later time. All time-resolved data were taken using either a
photodiode and a 500-MHz scope with _ l-ns time resolution or a fast diode and a 6-GHz scope with an
experimentally determined, 150-ps combined time resolution.
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In Fig. 2 we show near-field images of both the scraper mirror and polarizer output. The polarizer
output simulates the output in the cavity dump mode. This image was taken in the image plane of the
scraper mirror and is essentially free of diffraction rings [Fig. 2(a)] while the scraper ring output
[Fig. 2(b)] was taken at =5 cm from the mirror and showed noticeable diffraction rings due to the inner
edge of the scraper mirror. The influence of the variable pinhole in the spatial filter section ( 0.7-mm
diameter) was minimal; at its minimum diameter it softened the outer edges of the output beam without
introducing noticeable diffraction rings on the beam.

(a) Near field of polarizer output (b) Near field of scraper ring output
(simulated cavity dump)

E5475

Fig. 2. Output-beam patterns from the polarizer (a) and the scraper mirror (b). The polarizer output is
taken in the image plane of the scraper mirror, whereas (b) is taken 5 cm beyond the image point;
hence, the diffraction-ring structure due to inner edges of the scraper mirror.

The brightness of the oscillator output is sensitively influenced by its phase-front distribution. We
have therefore constructed a "self-referencing Mach-Zehnder interferometer" or "radial shear
interferometer"' 1  as shcvn in Fig. 3. In order to obtain the phase information over the whole-beam

Fabry-Perot Interferometer
(TROPEL M-360)

Pdiode-pumped cw Nd:YLF

laser

expander

Mach-Zehnder
Interferometer

E5482

Fig. 3. Schematic setup of the Mach-Zehnder and Fabry-Perot interferometers.
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cross section inside the oscillator we have used and enhanced the output from the polarizer (see Fig. 1)
by rotating the wave plate in the Faraday rotator by a small amount. The reference beam is derived
from the same output beam through (lOX) upcollimation inside one of the arms of the interferometer. A
high-resolution phase map is then obtained applying the technique of spatial synchronous phase
detection. 1 2 The high-contrast Mach-Zehnder interferogram is first Fourier transformed numerically
[(Fig. 4(b)]; we then select one of the two main side lobes, which are associated with the high-frequency
background fringes. This side lobe contains all the phase information imprinted on the beam while all
the intensity information is contained in the well-separated, central zero-order maximum. Shifting the
selected side lobe to the center and inverse Fourier transforming it results in a phase map of high
quality, as shown in Fig. 4(c).

(a) (b) (C)

E5496

Fig. 4. Phase maps of unstable resonator output using spatially synchronous phase detection. (a) High
background fringe Mach-Zehnder interferogram, (b) image of the numerically generated Fourier
transform, one of the main side-lobs is used for the inverse Fourier transform to generate the
output phase map (c).

The phase map shown in Fig. 4(c) was obtained for an oscillator using a 6.35-mm-diam x 40-mm-long
Nd:YLF rod of excellent quality. The contour lines in Fig. 4(c) are spaced X/25 apart; the overall rms
phase-front error is =0.05 waves with a peak-to-valley error of 0.12 waves. Matching Zernicke
polynomials to the two-dimensional phase front, we have identified 0.1 waves of astigmatism and
0.06 waves of spherical wave-front error. This analysis does not include the outer-most regions of the
output beam where the intensity has dropped to lest than 10% of the average center intensity. In those
regions the phase front clearly shows the influence of the reflective coating on the scraper mirror, which
causes the phase to be retarded (curled up) by =0.2 waves (see Fig. 5). Using different laser rods of
varying optical quality we have found that the output phase map primarily reflects the phase errors
present in the unpumped laser rod. This implies that most of the output phase-front errors in this laser
are caused by the final round trip of the laser beam inside the resonator.

E 0.2

CD 0.0

-0.2

20
600

20 60 80 100

Y 0 2

E5497 X

Fig. 5. Phase map of the output beam including the outer-most regions where the phase exhibits the
retardance caused by the dielectric scraper mirror after the final round trip inside the cavity. The
intensity in this region is typically less than 10% of the center-beam intensity.
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Monomode (single-axial-mode) output was easily obtained with this oscillator and has been verified
by a number of techniques. When operating high above threshold, the regular decay of the relaxation
oscillations is a reliable indication of monomode operation [Fig. 6(a)]. In addition, time-resolved data
show no mode beating [Fig. 6(b)]. Finally, we have taken Fabry-Perot interferograms with AFSR
0.14 A, and A)res = 1.6 x 10-3 A, which easily resolved individual axial modes (Axmod - 7.5 x 10- A) of
the 5-ns round trip cavity. Figure 7 shows two such interferograms, one for the typical monomode
output and one for a purposely detuned cavity lasing on two neighboring modes. The line-outs shown in
this figure have been corrected for the variable dispersion of the piane parallel plate Fabry-Perot near
the zero'th order. The interferograms verified the monomode natture of the output. It should be noted
that we have never observed modes separated by any intracavity etalon mode spacings when both
intracavity etalons were in place.

(a) (b)

0A-

- - -20Ms 0 n-lOOns

E5472

Fig. 6. Output from unstable ring resonator. Regular decay of relaxation oscillations (a) and absence of
mode-beating in each of the relaxation spikes (b) indicate single-axial mode (monomode) output.

S(a)I I
mono-mode output
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0
0.00 0.05 0.10 0.15 0.20
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E5495

Fig. 7. Fabry-Perot interferograms of monomode output (a), and double-mode operation of a purposely
detuned cavity (b). The line-outs of the Fabry-Perot interferograms have been corrected for the
variable dispersion near the zero'th order.
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Single-axial-mode Q-switched operation was obtained using self-injection seeding. 1 3 Here we apply a
voltage to the Q-switch just below the lasing threshold voltage, allowing for the slow buildup of one or
two relaxation oscillations in the absence of Q-switching. A photodiode detects the buildup of the first
relaxation oscillation and triggers the Q-switch. Experimental data showing the prelase and subsequent
Q-switch build-up are shown in Fig. 8. Q-switched pulse durations were limited to ;80 ns in these
experiments due to limited pumping capability.

0-switched pulse

(a) (b) (c)

pre-lasing

200 ns 50 ns
E5474

Fig. 8. Self-injection-seeded, monomode Q-switched output. Photodiode trace in (a) shows prelase (first
relaxation oscillation) with subsequent Q-switch pulse off-scale. A single Q-switched pulse in a
1-GHz scope demonstrating absence of mode-beating due to neighboring modes (b). Ten
successive output pulses indicate the high degree of output reproducibility (c).

The reproducibility of the output is shown in Fig. 8, which displays photodiode signals of several
Q-switched pulses where the origin of the trace was manually moved between pulses. Excellent
reproducibility is evident and a statistical analysis of data taken with the 6-GHz oscilloscope over a large
number of shots shows that the output energy is 55 mJ ±1%, the pulse duration 80 ns ±1%, and the
Q-switch pulse buildup time is --100 ns ±1-2 ns. These data demonstrate that this type of oscillator is
well suited for synchronization to external events. Such synchronization has already been demonstrated
in similar systems 1 4 where an electronic feed-back to the Q-switch voltage clamps the prelase intensity
near the cw laser intensity (well below the intensity of the first relaxation oscillation).

4. Conclusions

We have constructed and tested an imaging unstable resonator, which is eminently well suited for
monomode operation in the free-running and self-injection-seeded, Q-switched mode. We have further
examined the phase front of the output beam and found that it reflects primarily the final pass through
the outer zones of the active medium, Thus, a predictable output-beam phase front is obtainable from a
knowledge of the phase-front errors due to the active medium and any other optical elements inside the
resonator that may have poor optical quality. However, at present the optical quality of commercially
available Nd:YLF rods with >5-mm clear apertures is usually the optical element in the cavity that sets
the output phase-front errors. The self-injection-seeded, Q-switched laser output is also well suited for
synchronization to external events and the excellent reproducibility of pulse durations, pulse energies,
and buildup time make this laser interesting for many applications in nonlinear optics.
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A Nd:GLASS SLAB LASER FOR X-RAY LITHOGRAPHY
Murray Reed and Robert L. Byer

Stanford University
Edward L. Ginzton Laboratory, Stanford University, Stanford ,CA. 94305

Abstract A Nd:Glass slab laser has been used to generate laser produced plasmas (LLP).
The plasma emission in the keV range useful for x-ray lithography has been measured.
Lithography with sub-micron linewidths has bee. demonstrated with a thin tbscrbic. mask.

The Nd:Glass slab laser is operated in a Q-switched one-dimensional unstable
resonator [1]. The resulting beam quality is a few times diffraction limited and is
focused to an area less than the 10-5 cm2 in our vacuum chamber. We have operated at 5 J
up to 4 Hz repetition rate without any degradation of the laser output. Injection mode
locking of the Nd:Glass laser [1] with 0.7 ns pulses increases the intensity of the
Q-switched laser output by about a factor of 10 and allows us to achieve a total inteorated
pulse length of less than 10 ns. Optical damage limits the laser intensity. The damaae
threshold for injection mode-locked pulses focused into a Nd:Glass slab outside the laser
cavity is about 20 J/cm2 . However, we have observed another damage mechanism at lower
intensities in Nd:Glass slabs in use in the laser head. Brown discoloration occurs in
filaments along the laser beam path and we believe polarization with the help of self-
focusing and the ultraviolet flashlamp radiation may be occuring. We are still investigatino
this phenomenon but at present it is limiting the laser output to only 2 J per Pulse.

The focused laser intensity is 2.101 W/cm 2 on a solid copper tarpet in our
vacuum chamber. The plasma emission in the keV x-ray range has been measured through a
variety of thin film x-ray filters with a Hamamatsu micro-channel plate detector. Using
the published values for the detector quantum efficiency, the micro-channel plate gain,
and the filter's transmission spectra, we estimate that the conversion efficiency in the
plasma from laser radiation to soft x-rays of energy greater than 0.5 keV is around 1%.
We have performed single-level demonstration exposures of PMMA resist throuah a 12 lim thick
aluminised Kapton debris shield and a 4 iim thick Boron Nitride x-ray mask supplied by
Piero Pianetta at the Stanford Synchroton Research Laboratory. The 1.0 Jim linewidth gold
absorber patterns on the mask are accurately reproduced in the resist. The PMMA resist
exposure rate at a 5 cm working distance from the plasma has been measured as 0.2 micron
per 104 of total laser energy so we obtain a single layer exposure in about 30 minutes.

The potential for improvement is enormous. The x-ray signal measured throuih
the mask increases exponentially with the laser energy on target so increasing the focused
intensity will reduce exposure rates dramatically. Available improvements in higher
average power lasers and sensitised resists both offer an order of magnitude improvement
over this system. These results indicate excellent potential for commercial LTP x-ray
lithography.

1. M.K. Reed and R.L. Byer, submitted to IEEE Journal of Quantum Electronics.
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WAVEFRONT AND DEPOLARIZATION CALCULATIONS FOR A GGG SLAB LASER*
James A. Blink, James L. Cook, and Luis E. Zapata

Lawrence Livermore National Laboratory
L-487, P.O. Box 5508, Livermore, CA 94550

Abstract
For a vortex-stabilized-lamp pumped, zigzag GGG slab amplifier with diffuse and specular

reflectors, the transient-3D Tecate codes calculated the temperature, deformation, stress,
wavefront, and depolarization for several estimated and measured source distributions.

Introduction
To develop technology for the DoD Free Electron Laser Program, LLNL has built a GGG

zigzag slab amplifier. The 5 x 70 x 184 mm slab is pumped by two pulsed VortekT4

lamps which have a spiraling water coolant between the plasma and the envelope; these lamps
are capable of operating at a total power of 260 kWe. Both specular and diffuse reflector
cavities have been used. The hardware and exRerimental data obtained with this system are
described in more detail in a companion paper . Here, the computational modeling
used both for hardware design and for data interpretation are described.

Computer Codes
The transient-3D family of TECATE codes'

0 was used to calculate the time
dependent temperature, deformation, stress, wavefront, and depolarization of the amplifier
as a function of Vortek lamp power. The computations were accomplished in a series of
steps. First, the distribution of the heat source was calculated using either analytic
models or ray trace codes to model the pump cavity. Two ray trace codes were used. For
the specular reflector (second surface thin glass plates backed by heat sinks), a 3-D Monte
Carlo ray trace code4 (MIR3D) was used. For the diffuse reflector (curved
Spectralon5 shell in a heat sink), a 2-D code was used

6. The results of these
codes were used to construct two sets of reflector hardware.

The optical performance of a slab laser is very sensitive to the heat source
distribution. Calculation of that distribution can be very time consuming, and significant
uncertainties remain, for example, the effect of fluorescence redistribution of energy
within the slab. Therefore, we used analytic models to approximate a series of source
distributions in order to determine the optimum distribution. These models include the

capability to modulate the source in accordance with experimentally determined data. Once

the optimum distribution is determined, the reflector design codes may be used iteratively

to determine the appropriate reflector design.
The energy equation can be solved when one specifies the slab geometry, material

properties, heat source distribution, thermal boundary conditions, and initial

temperature. We used HT3D, a transient version of the TECATE HEAT code
2,3 to solve

the energy equation. This code uses the Dynamic Alternating Directions Implicit (DADI)

method to efficiently solve the finite difference representation of the energy equation.

The finite differencing scheme pays particular attention to the discretization accuracy at

surfaces, edges, and corners since these regions strongly influence the optical performance

of a zig-zag slab laser. The HT3D code provides the time dependent temperature of each of

the 31,775 nodal points of the slab. A preliminary calculation showed that pulsing the

lamp (and thus the heat source) did not significantly affect the temperature solution.

Therefore, the transient source was treated as a step function, turning on at time zero and

continuing to the specified time of 40 s. In most cases, the slab temperature distribution

reached steady state after only 10 s of operation. In a few cases, the slab end

temperatures were still evolving after 40 s.
The balance of force equations can be solved for material stresses, strains, and

deformations at any point in time when one specifies the slab geometry, material

properties, temperature distribution (from the HT3D code), mechanical boundary conditions,

and initial strain (zero). All of our calculations were at 40 s after the start of

heating. We used ST3D which was derived from the TECATE TORA code
2.3. This code

also uses the DADI method with carefully discretized equations at the slab surfaces.

The geometric optics equations can be solved at any point in time when one specifies the

slab geometry, material properties, temperature distribution (from HT3D), stress, strain,

and deformation distributions (from ST3D), and a propagation direction. The phase and

depolarization fronts are calculated at a reference surface after the beam exits following

one or more passes through the slab. We used OP3D which was derived from the BREW

code3.
Several pre- and post-processors were used in conjunction with these codes. Because the

slab performance is dominated by the surfaces and transition regions between heated and

* Work performed under the auspices of the U.S. Department of Energy by the Lawrence

Livermore National Laboratory under contract number W-7405-ENG and for the Department of

Defense under SDIO/SDC/ATC MIPR No. W3-RPD-53-A127.
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non-heated portions of the slab, the codes were set up to accommodate variable zoning. The
ZONER program written in the QuickBASIC language7 was used to view the zoning for
user-selected input parameters. The TECATE package includes a graphics
postprocessor3 to produce cross-sectional views of the source, temperatures, strains,
stresses, and residual computational errors. This postprocessor, GF3D, was adapted to also
provide lineouts of these quantities and time evolution graphs for temperature at selected
nodes.

The MathGraf language8 was used in three postprocessors. For MIR3D, the MIRMATH
macro produces 3-D views of the reflector, lamp, and slab geometry, the energy flow from
the electrical circuit to the inversion, and the 3-D distribution of energy in the slab.
In addition, the energy distribution can be manipulated to increase the Monte Carlo
statistics in symmetry situations, to simulate fluorescence redistribution, and to sum the
distribution over one or two of the dimensions (producing summed lineout plots).

The MGST macro produces 3-D views of the slab surface grids with user-selected
magnifications of the mechanical distortions. These views can be output with colors
indicating the degree of distortion for each node. This diagnostic output is extremely
useful in evaluating a design's performance.

Finally, the MGOP macro produces 3-D views, 2-D contours, and lineouts of the phase
front and depolarization. The phase components due to dn/dT, slab distortion, and
stress-optic effects are also shown separately for rays traveling paths determined by the
sum of these effects. (The material constants - dn/dT, coefficient of thermal expansion,
and stress-optic coefficients - can also be changed in the OP3D code input to fully isolate
the separate effects.) In the area of slab distortion, either the slab TIR surfaces or the
wedge surfaces can be artificially flattened to determine the separate influence of each
surface's distortion. The MGOP macro also curve fits the phase with either second degree
or sixth degree polynomial functions in each aperture dimension. Second degree fits can be
used to evaluate the improvements available by using tilted or cylindrically focussing
optics in the laser train. Sixth degree fits are accurate enough to use interpolation to
find the phase at any given point, allowing estimation of multipass phase distortion using
sub-apertured beams that are optionally expanded, inverted, or translated between passes.
(A proper calculation of multipass phase distortion also requires consideration of both
diffraction and the propagation between each pass.)

Reflector Design
The 2-D reflector design code was used to specify the curved surface of the

Spectralon5 reflector. The reflector shape did not vary along its length (parallel
to the lamp), and the ends were specular (second surface glass). The design code predicted
some small variations in uniformity, and the reflector was built oversized to reduce the
source droop near the slab edges.

Slob cooling axis coordinatoe. mm The specular reflector was designed
using the MIR3D code, and it was fielded

20 before the diffuse reflector. The
specular reflector was not oversized;
that feature is recommended for future

-,0 /designs since uniformity improvements
appear to outweigh the efficiency
penalty. The design, which was done

0 ,very quickly to allow construction of
the experiment, is shown in Fig. 1. The
anticipated performance of the reflector

so /is shown in Fig. 2 which shows the
50 energy deposited in the slab as a

e function of the short dimension of the
TIR surface. In this figure, the
results have been summed along the slab
length and through the slab thickness.

0The droop near the edges and the slight
aIO depression in the center are marks of a

- less-than-optimum design, and they carry
through to the overall system

0 performance. Experimental
interferograms for the specular
reflector case show "eyes" along the

0- olong axis of the aperture; these eyes
correspond to the regions of higher0 pumping in Fig. 2.

Figure 1. Three-dimensional view of the specular reflector design. One-half the slab
thickness is shown, and the wedged ends are not modelled since very little pump light
reaches those ends. Note the large standoff of the reflector from the slab due to the
thicknesses of the window and coolant channels.
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Source Functions Used to Calculate the Wavefront
For the wavefront calculations, we used an idealized source function to facilitate

zoning, use of a new diffuse reflector material, and adjustment of the source function
using experimentally determined results. The idealized source is a "cone model" with a
cone originating at each element's centroid. The cone angle is determined by Snell's law

(based on the slab index of 1.939 and
the evanescent coating index of 1.445),
and the cone's intersection with the
surface specifies the surface region
contributing to the local interior
source function. The surface source was

* a universally distributed Lambertian,
* . .and it was truncated at specified• locations.

-For the wavefront calculations using
I the diffuse reflector, we used the cone
C model with the surface source truncated

at the slab edge. In the experiments,
the diffuse reflector was oversized,
providing additional source near the

* edge to reduce the source droop. The
specular reflector was not oversized in

a either the calculation or the
o experiments, and its surface source

uniformity was modulated along the TIR
surface's short dimension to approximate
the 1-D experimental distribution of

Slab cooling axis coordinate. mm fluorescence.

Figure 2. Predictea performance of the specular reflector. The profile is quite flat
except for a dip in the center and droop near the edges. The dip could be removed by
adjusting the design, and the droops could be countered by designing an oversized
reflector.

For both reflectors, the source
function contours are shown in Fig. 3

for a cut midway between the two
Sourc. W/cc entrance faces. For the specular

reflector, the small central dip and the
0 k . 1.00o+02 large edge droop shown in the reflector

= t.000+o 1 = I 104+02 design code output (Fig. 2) are both
d = 3 00* 0! n = 1. 20e+02 evident in the source function

I = 4A08+01 n ,a02 contours. The resulting wavefront also
f = 500,+0, p i .50,+02 has these features. Figure 4 shows
g = 6.00,+01 q - 1.60#+02 lineouts of the phase along the long
h = 7 .0 ,seI - 1 70e+02 dimension of the aperture, at

= 8.004+01 5 , 800+02
= 9,00,+0 , = 1 90s+02 mid-thickness, for both reflectors. The

diffuse reflector has a constant phase
except near the edges. (For the

____________ _ oversize diffuse reflector fielded in
the experiments, the edge phase
aberrations should be even smaller.)
The specular reflector has about five

.. ..__ times more phase distortion, and both
_ _ _ _ _ _ _ _-_the edge droop and the central dip are

clearly visible. The overall phase
distortion is 2.0 waves in the thin

-------- == f< dimension and 5.9 and 31 waves in the
_ _..._j -, long dimension for the diffuse and
------------- - - ---------- specular reflectors, respectively. The

depolarization is negligible. For the
diffuse refledtor run, it is about 0.1%

_at the worst location (0.5% if the full
-__ _ -slab is used for extraction), and about

0.04% when averaged over the aperture.

Figure 3. Source function contours in a plane midway between the entrance and exit faces.
The horizontal dimension corresponds to the long dimension of the aperture, and the thin
dimension is the thickness. The thin dimension is expanded by about a factor of four to
enhance visualization of the distribution. The upper plot is for the diffuse reflector,
and the lower plot is for the specular reflector.
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Effects of Uncooled Ends
For both reflectors, the cooling length was set equal to the reflector cavity length,

and the ends of the TIR surfaces were
Mid-thlckn.SS cooled only incidentally by the ambient

air. However, the standoff of the
3.0 reflector from the slab, due to the

x1o -5  window and coolant thicknesses, causes
the heat source to extend into the

2.5 r uncooled ends. Thermal conduction
extends the hot region into the slab

p ends. Figure 5 shows the heat source,
2 . 0 'cooling extent, and resulting

1 temperature distribution for the diffuse
reflector slab. It is clear that the

1 .5  Islant propagation of pump light in the
I Islab produces a heat source in the

1 .uncooled region even when the standoff
of the reflector from the slab is

0/ ignored. The tip temperature reaches
. 150 0C after 40 s, and further

0 5 increases would occur for longer/ calculation times. In addition, at the
o_ _cooling termination location, the TIRsurface temperature climbs abruptly from0 .02 .04 .06 30 C to 550C.

Aperture long dimension, m

Figure 4. Lineouts of the phase along the long dimension of the aperture, at
mid-thickness. In each case, one slab-thickness was removed from the beam at each end of
the aperture.

These effects result in distortions of the slab surfaces, as shown in Fig. 6. The arrow
in the figure indicates a bulge in the
cooling transition region near the

s.,,,., W,, beveled end of the TIR surface. The
. 0. ,,a,,,,,. figure also shows that the slab ends
b 1.00,41 a .00,,0, shrink with respect to the central
a 2.00,#01 0 * 2.$0..OI
* 3.00,,01 C X 1,00101 regions of the slab. The temperature of
*4.0o,,o 4 a 3.50.,01 the slab ends was less than the average

0*.00,01 1 a 400401 temperature in the central region that
S7.00.,01 1 4.0#01 was both strongly heated and vigorously8 .000#01 5 .000+01

: ,O01:OI h • 5.50O: l cooled.
0,*02 i F.004#01 The calculated wavefront for the slab1 .4+0,02 I s00#01 with diffuse reflectors and uncooled1.k 1 7.o,,o ends is shown in Fig. 7. The contours08 1.201+02 I 7.50..0I

a I..0+2 S a 8.000*01 are at half-wave intervals. There are
0 a 1.401+01 a . e.so,,o1 about two waves of distortion across the

a 1.5O..02 0. 9.00+0t m
1.60•02 thin dimension of the beam, and this

a ,.7o.+02 distortion is due to the temperature
I.10**°? variation and mechanical deformation in

•.90.0z the slab ends. When the beam path is

IL_ , 7 determined by all three effects, the
_ __ 4thin dimension distortion is 1.5 waves

due to dn/dT, 0.6 waves due to
s,,,. I, deformation, and 10.2 wave due to

stress-optics effects.YThe lineout across the slab thickness
shows that the phase is distorted in the

Turbulent Cooling center, mostly due to one pair of the
four cooling transitions. There are two
transitions on each TIR surface, and the
footprints of the beam on the TIR
surfaces roughly align the beam center/ ;seiely.f. C with the transition in two cases and the
beam edges in the other two cases. The
phase distortion near the beam
centerline was experimentally confirmed

Figure 5. Contours of the source and the temperature in center cut of the slab with
uncooled ends. The limits of turbulent water cooling are also shown. The long dimension
is the slab optical axis while the thin dimension is the slab thickness, which is expanded
by a factor of about ten for clarity.
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0

Slab Opt icol Axis

Figure 6. The displaced grid of three surfaces of the slab with uncooled ends and a
diffuse reflector. The finer zoning in the transition and edge regions is evident. The
shades of gray (which can also be displayed as colors) represent the normal displacement of
the surface. These displacements have been magnified by a factor of 3000 for clarity. The
arrow indicates a bulge in the TIR surface. Also note the contraction of the ends of the
slab.

by the lack of extracted beam in this region when the diffuse reflector experiment was
operated as an oscillator. The
distortion at the edges of the thin
dimension is partially due to shrinking
of the slab ends, but mostly due to the
other pair of cooling transitions.
About 2/3 of the thin edge distortion is
due to dn/dT, and there are no radical
temperature fluctuations at the
intersections of the TIR and entrance
surfaces. Further, artificially
flattening the entrance surfaces and t-e
TIR faces (in separate calculations)
shows that the deformation contributionMid-aperture is purely from the TIR surfaces.
Finally, examination of a run with
expanded (rather than contracted) slab'V ends shows the same thin dimension
lineout shape as this run.

The logical improvement is to extend
cooling over a larger region of the TIR
surface. The hardware was modified to
cool the end TIR surfaces with turbulent
water, but experiments have not yet been

E .6 run with this hardware. For an end
coolant temperature of 200C, the

0 calculated wavefront improves for both
0 .reflectors, to 1.0 waves in the thin
.dimension and to 4.3 and 27 waves in thelong dimension for the diffuse and

.2 specular reflectors, respectively. In
the long dimension, elimination of two
(rather than one) slab thicknesses at

0 each end would remove most of the0 .002 .004 aberration. Alternatively, the source
function must be prevented from droopingThickness dimension, "m at the slab edges.

Figure 7. Phase for the slab with uncooled ends and diffuse reflectors. The left graph is
a simulated interferogram with half-wave contours. The right graph is a lineout of the
phase across the thin dimension (for both specular and diffuse reflectors).
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Effects of End Coolant Temperature
Although the fully cooled results are a distinct improvement, it is clear that much of

the remaining distortion is due to the overcooled ends. A series of runs for the diffuse
reflector used a heated water coolant on the ends of the TIR surfaces; temperatures of 20,
48, 55, 62, and 66.70C were used. In each case, the slab ends quickly approach the

end coolant temperature (and with less
than 0.10C variation within the
region). The resulting deformed grids

43 are shown in Fig. 8 for the five runs.
The ends undergo transition from
contraction to expansion at about
600C. Since 620C is the
thickness-averaged temperature of thepumped region of the slab, t*'c end

expansion or contraction is also
influenced by other factors, such as the
contraction of the mounting edges caused
by the source function droop at those
locations.

The thin-dimension wavefronts for the
five cases are 1.0, 0.6, 0.8, 1.2 and
1.4 waves in order of increasing end
coolant temperature. The wavefront for
the 480C end coolant case is shown
in Figs. 9 and 10. This run has a
smoother wavefront than either the run
with less mechanical distortion of the
ends or the run with less temperature
variation between the core and the
ends. There is a competing effect, the
localization of the temperature
transition. As the end coolant
temperature increases, the temperature
transition on the TIR surface between
the two cooled regions becomes more
abrupt. Since dn/dT is the prime driver
of the wavefront, a more localized
temperature transition concentrates the
dn/dT effect in a smaller region of the
beam, resulting in a larger phase
distortion.

Figure 8. Deformed grids for the five runs with heated end coolants. From top to bottom,
the end coolant temperatures are 20, 48, 55, 62, and 66.7°C, respectively. The
central coolant temperature is 200C in each case. The view is along a normal to a
TIR surface; one mounting surface and one entrance surface are visible at the top and right
of each grid. The grid deformations have been exaggerated by a factor of 3000 for clarity.

Figure 9. Interferogram for the diffuse
reflector with 480C end coolant
temperature. One slab thickness has
been removed from each end. The contour
interval is 1/2 wave.

463



//

/

/

//
//

2.0/

2l 010O-6

1.5 06

E

* 1.0 04

0

X 0<1
0.0

/ (
0 00.

0 .002 .004

Thickness dimension. m

Figure 10. Phase for the diffuse reflector with 48°C end coolant temperature. Two
slab thicknesses have been removed from each end.

Summary
The suite of computer codes needed to model zig-zag laser performance is in place.

These codes are being used to design high-average power lasers and to interpret their
experimental performance. The calculations indicate that with only minor modifications,
the Vortek pumped Nd:GGG slab laser is capable of producing in excess of 1 kW of high
quality output.
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ALEXANDRITE BLUE LASERS

Michael L. Shand
Allied-Signal Inc.

Columbia Road & Park Ave.
Morristown, NJ 07962

Abstrac

The tunability, energy per pulse, and average power of alexandrite lasers, together with nonlinear wavelength conversion
techniques are used to produce a compact and efficient blue laser source.

Introduction

A number of groups are addressing blue lasers for laser communications from a satellite to submarines (satellite laser
communications or SLC). SLC requires the light to be transmitted through seawater so a source in the approximately 420 nm to 550
nm region is required. Furthermore, the signal must be separated from sunlight which is done with an atomic resonance filter (ARF)
receiver. The atomic resonance has a narrow bandwidth (-several picometers) and, of course, requires a transmitter operating at
the wavelength of the atomic resonance. The most developed ARF receiver uses cesium (Cs) which has absorption bands near 455 nm
and 459 nm. Each band is about 4 pm wide. This paper summarizes the approach Allied-Signal has taken to produce a transmitter
for the Cs ARF, an approach based on the alexandrite (BeAI204:Cr) laser1 .

The work which has resulted in this summary has been carried out mainly at two departments: Electro Optical Products, Allied-
Signal Guidance Systems Division, Westlake Village, California, and Laser R&D, Allied-Signal Research and Technology, Morristown,
New Jersey. A number of individuals have contributed to this project including, in alphabetical order, Yehuda Band, Da Wun Chen,
Tim Chin, John Fleming, Don Heller, Jerzy Krasinski, Jerry Kuper, Ken Leslie, Lisa Fernandez, Kevin Masters, Bob Morris, Paul
Papanestor, Ross Rapoport, Richard Sam, Mike Shand, Don Siebert, and Jon Jye Yeh.

Alexandrite Lasers

Alexandrite (BeA120 4 :Cr 3 +) lasers have high energy, high peak power and tunability from 720 nm to over 850 nm. Figure 1
shows early alexandrite laser data which demonstrates many of the properties of alexandrite. First, although this data is over ten
years old, the energy output is measured in Joules, not milliJoules which is typical of many new laser materials. The high energy
output is a result of the very high storage energy of alexandrite. Second, the output is continuously tunable from 730 nm to past 790
nm. In more recent experiments, the alexandrite laser has been shown to be tunable past 850 nm when heated sufficiently. A large
(400 mJ, 250 Hz) laser has been built for LANL which operates from 790 nm to 793 nm demonstrating high energy output away
from the peak output. Third, alexandrite laser output increases with increasing temperature. This feature has allowed development
of a conductively cooled pump chamber made of sapphire, shown in Fig. 2. The long pulse output of a laser using this pump chamber
is shown in Fig. 3. Output energy over 3 J was demonstrated with an overall efficiency of over 3%.

BeAI20 4 :Cr3
1.5 '

ON LANI. - -30"C

Sustem --- 40 OC
= 1.0 so' C

6 -0- 60 C

o10 'J Input H

Wavelength (am)

Figure 1: Alexandrite Laser Performance
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Figure 2: Sapphire Pump Chamber
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Figure 3: Sapphire Pump Chamber Laser Output

Wavelength Conversion Aoroaches

Generating blue light at 455 nm starting with alexandrite requires nonlinear frequency conversion techniques. Three have been
considered: (1) alexandrite output (red) followed by second harmonic generation (SHG) (UV) followed by Stokes Raman conversion
(blue), (2) alexandrite (red) followed by Stokes Raman conversion (IR) followed by SHG (blue), and (3) alexandrite and Nd output
mixed by sum frequency generation. The third choice could be very efficient, but would require more extensive development. The
first two differ in the choice of which nonlinear process must handle the highest optical power. The rest of this paper discusses the
first approach, which has received the most development.

The block diagram of the process is shown in Fig. 4. This approach has the advantage that a number of parameters are isolated,
rather than dependent on a single laser subsystem. The source is an external cavity diode which controls the system wavelength and
bandwidth. The oscillator controls the spatial and temporal profiles of the red laser. 1he amplifiers give the required red energy
output.

l A,.e'"ndritel _rJAlexand-rite LJ Raman

Figure 4: Block Diagram of Blue Laser System

Alexandrite Laser Subsystems

The source is an external cavity diode laser with output of -10 mW cw. The cw output allows wavelength measurement with a
wavemeter with 1 pm accuracy, A simple feedback control can maintain the diode laser wavelength. The diode laser bandwidth is
much less than 1 pm.

The output of the diode laser injection seeds an alexandrite oscillator. Under contracts with LANL and NASA, Allied-Signal has
investigated injection seeding and shown that only 10 i.W is needed intracavity to control an alexandrite oscillator 2 . Generally, two
longitudinal modes are excited in the oscillator with a narrowband source; two modes are sufficiently narrow for producing blue light
within the CsARF. Injection seeding power gains of 1012 have been demonstrated with the alexandrite laser output matching the diode
laser input.
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The design of the amplifier depends on a tradeoff between the energy out of the oscillator and the gain required in the amplifier.
The better the beam quality in the oscillator, the less energy is available from the oscillator and the more gain is required in the
amplifier. In one configuration, a TEMoo oscillator is used with a tandem double pass amplifier (tandem meaning two alexandrite
laser rods in series, double pass meaning a mirror to reflect the beam back through the two rods) and a phase conjugate mirror
(stimulated Brillium scattering in nitrogen gas) to produce 1.5 J in a near diffraction limited beam at 10 Hz3 .

Blue Laser Schematic

The nonlinear conversion schematic is shown in Fig. 5 with estimates of the energy at several stages which will result in 500 mJ
blue light. Two SHG stages are planned to convert more of the red to UV than if only one stage is available. Both KDP and BBO have
been tested for SHG materials. We have found KDP can handle more optical power so the first crystal is KDP. The second crystal can
be KDP or BBO. SHG results have been 35% conversion with KDP at 300 mJ UV output and 33% conversion with BBO at 105 mJ UV
output.

766 nm 3s% 766n 25% 383nm 38%
2.5 J 16 J0.

Theamanconvrsi n re uses aH bakadRmnoclaoBn fradRmnapii hackwardosiltrs

0,15J383 n
0.9 J 0.2 J

'=[HiRam "_an

Figure 5: Nonlinear Conversion Schematic

The Raman conversion process uses a backward Raman oscillator and a forward Raman amplifier. The backward oscillator is
selected because it maintains a narrow bandwidth, is efficient, and produces a good blue beam quality. In Raman conversion
experiments using an oscillator, hydrogen gas, and UV input, we have demonstrated 100 mJ in the first Stokes wavelength at 33%
efficiency. In the same experiment 85 mJ was generated in the second Stokes. The stored energy is providing the output energy for
both beams. In an amplifier thq total output is available yielding over 50% conversion.

Considerations of packaging requirements and energy required have led to a design point for the system with 1% efficiency from

capacitor bank energy to blue output.

Future Considerations

The work described here is based on flashlamp excitation of alexandrite. For satellite applications, efficiency and lifetime issues
are critical and diodes are the most likely excitation source for the laser transmitter. Diode pumping of alexandrite is shown
schematically in Fig. 6 with a comparison to a Ti:Sapphire diode pumped laser. The alexandrite laser requires diodes at 650 nm or
680 nm. The 680 nm diodes pump the R-line of alexandrite and require a narrow diode output, similar to that of the 808 nm diodes
for Nd pumping. The 650 nm diodes pump a broad absorption band in alexandrite and can have more than several nanometers
bandwidth. The high energy storage of alexandrite compared to YAG:Nd means an oscillator can be used rather than an oscillator-
amplifier configuration. Allied-Signal has a team in place including Sarnoff Research Center, Cornell University, and Laser
Technology Associates to fabricate diode laser arrays at 650 - 680 nm and design, optimize, and produce diode pumped alexandrite
lasers in the range of 1 J/pulse.
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Figure 6: Diode Pumped Tunable Lasers

Very recently, Scheps et al. have demonstrted a diode pumped alexandrite laser with pumping on the R line 4 .

Conclusion

The maturity and opto-mechanical properties of aiexandrite lasers has led to a straight forward design of a 500 mJ output blue
laser using a diode laser injection source, an alexandrite oscillator-amplifier, SHG, and Raman conversion.
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R. Beach, G. Albrecht, S. Mitchell, B. Comaskey, R. Solarz, and W. Krupke
Lawrence Livermore National Laboratory

P.O. Box 5508, L-495
Livermore, California 94550

C. Brandle and G. Berkstresser
AT&T Bell Laboratories
600 Mountain Avenue
Murray Hill, NJ 07974

Abstract

A ground state depleted (GSD) laser has been demonstrated at 912 nm in the form of a Q-switched oscillator
operating on the Nd 3  4F3/ 2 - 419/2 transition in Y2SiO 5. Samarium scandium gallium garnet has been demonstrated
effective at selectively suppressing the competing and much stronger 4F3 /2 - 4I1/2 lasing transition. Efficient harmonic
generation has been demonstrated using non-critically phase matched KNbO3.

Introduction

Ground state depleted (GSD) lasers1',2 are characterized by a low laser ion doping density (5-10 x 1018 cm -3) and a large
fractional excited state population inversion density (4-8 x 1018 cm- 3). For efficiency, these lasers must be pumped by
narrow band (< few nm), intense (>50-100 kW/cm 2) sources. The large fractional excited state population inversion
allows efficient quasi-four level laser operation to a high lying Stark level in the ground state electronic manifold. In
this manuscript we report on progress made in the experimental demonstration of a GSD laser using the Nd3  4F3 /2 -
419/2 transition. This transition is of interest because it offers the possibility of constructing a laser operating at the
wavelengths of 911 or 919 nm giving access to Cs atomic resonance filters3 through simple and efficient harmonic
doubling.

In an effort to identify suitable hosts for a GSD laser, spectroscopic measurements have been performed in various
Nd doped crystalline materials to extract parameters (Stark resolved emission spectra, branching ratios, fluorescence
lifetimes, and stimulated emission cross sections) important to the laser design. Desirable features of Nd-hosts for
depletion pumped lasers used for our particular application are:

1. A 4F3/ 2 - 419/2 fluorescence band dominated by a transition peaking at approximately 911 or 919 nm, ensuring
adequate emission at one of the desired operating wavelengths.

2. A terminal Stark level with an energy 300-400 cm -1 above the lowest lying Stark level, ensuring a small fractional
thermal population in the terminal laser level at room temperature.

3. A branching ratio for the 4F3 /2 - 419/2 transition >0.3 and a 4F3/ 2 radiative lifetime of 100-300 jisec, which together
with condition 1 ensure a stimulated emission cross section of 2-5 x 10-20 cm 2 on the desired laser transition.

4. A crystal host that can be grown to sizes of approximately 1 cm x 1 cm x 10-20 cm.

5. A 4F3/ 2 - 411/2 fluorescence band not dominated by a single transition line limiting the peak emission cross section
for this emission band and minimizing ASE and 1060 nm hold off problems.

Host Crystal and Nd3+ Spectroscopy

Table 1 lists Nd doped crystals that have been fabricated and evaluated at Lawrence Livermore National Laboratory
(LLNL) for suitability as GSD lasers operating at 911 or 919 nm. The detailed Stark spectroscopy of the 4F3/ 2 and 419/2
manifolds for Nd 3+ in one of these crystals, yttrium orthosilicate (Y2SiOs), is shown in Fig. 1 for both types of optical
sites that Nd3+ is reported to occupy. 4 This host material is attractive because of the possible 911 nm laser transition
from the lowest lying Stark level of the 4F3/ 2 manifold to the Stark level 355 cm-1 above the lowest lying one of the 419/2
manifold. It becomes even more attractive on examination of an emission spectrum because the transition between
the Stark levels of interest dominates the 4F3/ 2 - 419/2 emission as shown in Fig. 2.
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Crystal 7 (c") X (nmn) , psec

.,slO,, 450 918.6 230
SSiGeO*,. 423 916.9 220
Ca(NIO), 522 -921 125
et 506 918.9 120

N0La(BO1), 570 920. (77 K) s0
YAKO, 670 919.8 160
LUNO, 112 919.8 160 Type I Type II
Y.M.O, - 919 310
LU11o 423 911 120 11311

La ,. 604 910.8 460
NLa(WoJ, 424 910.6 160

*UYO, 445 911.6 1S0

"aBiLiNI,0,, 428 910.6 230

80.1-8711.01 417 010.8 212 Terminal -47 472
-'10 912 240921Gd1,5IO - -911 - U.66

0.7 Go 0.27 La - 911 --

0.03 Nd suide glass

Table 1. Nd doped crystals that have been fabricated and Figure 1. Detailed Stark spectroscopy of the 4F3/2

evaluated at LLNL for suitability as GSD lasers operating and 419/2 states in Nd3+:Y2SiO5 for both types of
at 911 or 919 nm. optical sites Nd3+ is reported to occupy. 4

Because of development work done on the growth of this material for applications other than lasers,5 substantial
size boules were immediately available. An example of an undoped boule of Y2SiO 5 is shown in Fig. 3. As a result of
the large laser quality crystals that were growable and the encouraging results of our own initial unoriented
spectroscopic evaluation, a more complete spectroscopic study was undertaken. Because Y2SiO 5 is a monoclinic crystal
of class 2/m (space group c2/c) it is biaxial. This introduces a directional anisotropy in the optical properties of the
crystal that necessitated the acquisition of both orientationally and spectrally resolved emission and absorption spectra.
The acquired absorption spectra were then analyzed using a Judd-Ofelt type analysis for radiative transition rates
between the levels of interest for the operation of our laser.

Unoriented sample/high resolution
2 . 5 C ' I '

2.25- Dominant -

2.00 band _

-E 1.75-
1.50-
1.25 -

f 1.00-

911~s Onm -I.00.75Cs filter]U MMN
0.25- line -1 1 1

50 670 600 910 930 950
Wavelength (nanometers)

Figure 2. 4F3/ 2 - 419/2 emission spectrum from an Figure 3. Photograph of a Y2SiO5 boule grown by
unoriented sample of Nd 3+:Y2SiO 5. The arrow Dave Brandle of AT&T Bell Laboratories using a
indicates twice one of the Cs-ARFs acceptance Czochralski technique.
wavelengths.

The Judd-Ofelt 6,7 model has become a standard tool for calculating the parity-forbidden electric-dipole radiative
transition rates between the various levels of rare earth ions in both glass and crystalline hosts. This technique is
based on an analysis of measured optical absorption line strengths8 ,9 and is easily applied to isotropic host materials.
The same analysis can be applied to anisotropic crystals if proper account is taken of the fact that measured absorptions
can vary with directions in these crystals. Such an analysis was first performed by Lomheim and DeShazer' ° in their
investigation of Nd 3+ in the uniaxial crystal YVO 4. The central point made in their analysis was that because the Judd-

Ofelt theory uses line strengths summed over all directions and polarizations some suitable type of averaging would
have to be performed on the measured line strengths to properly apply the Judd-Ofelt theory to anisotropic crystals.
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As a reasonable approximation to actually measuring absorption line strengths over all possible directions and
polarizations, a rectangular sample was fabricated with each of its sides oriented perpendicular to one of the principal
axes of the optical indicatrix. We denote these principal axes by X, Y, and Z for the fast, intermediate, and slow
vibration directions, respectively. Using this sample then allowed the measurement of absorption spectra along the
three mutually perpendicular principal axes of the indicatrix. The orientation of the cube was accomplished by first
identifying the (010) direction which is a two-fold symmetry axis of the crystal using an X-ray back reflection Laue
camera. Symmetry requires that a principal axis of the optical indicatrix be parallel to the (010) direction.1' Fabricating
a sample with faces normal to the (010) direction then allowed the remaining two principal axes to be found by
identifying extinction directions with the sample viewed between crossed polarizers.

Figure 4 shows measured absorption cross sections for the three different orientations studied in the spectral
regions that are of interest for laser exciting this material with either an alexandrite or an A1GaAs semiconductor laser.
Measured and orientationally averaged line strengths for the absorption bands presented in Fig. 4 as well as six others
between 400 and 900 nm are detailed in Table 2. Using these measured line strengths, the three Judd-Ofelt intensity
parameters, Q1(t), can be found by solving the overdetermined set of equations 12

Smeas (I - J') = 1 N IV tI U (I (1)
t =Z,4, 6

where the matrix elements (4v J I I U(t) I 14 'J') are the doubly reduced unit-tensor operators of rank t calculated in the
intermediate-coupling approximation. Values of these reduced matrix elements for the spectroscopic band
assignments detailed in Table 2 were compiled using values calculated by W. T. Carnall et al.13 Solving the set of
equations in (1) for the Judd-Ofelt parameters that give the best least-square fit to the measured line strengths gives, 12

12 = 3. 34 x 10.20 CM2

Q4 = 4.35 x 10 "2° am2 (2)

C4 = 5.60 x 10-2 0 CM2
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Figure 4. Orientationally resolved absorption spectra in the spectral regions used for slexandrite and AlGaAs
semiconductor laser excitation.
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These values of the Judd-Ofelt parameters and Eq. (1) can now be used to calculate the transition line strengths
between any two levels of Nd3s in Y2SiO5. In particular, if we use these Judd-Ofelt parameters to go back and calculate
the line strengths of the eight absorption bands used in our analysis, we can get an idea of the validity of our
polarization averaging approximation. The theory predicted or calculated line strengths are displayed along with the
measured line strengths in Table 2. Defining AS to be the difference between the measured and calculated line
strength values and defining RMS AS by

RMS AS = (number of transitions) - 3 (3)

the RMS AS value for the line strength set listed in Table 2 is 0.146 x 10-20 cm2. A measure of the relative error of the fit
is given by (RMS AS) /(RMS S) = 0.048, giving one a high degree of confidence in the validity of our original
polarization averaging approximation. Although the self consistency of the Judd-Ofelt parameter values is very good,
our absolute values are limited to ±10%, the accuracy to which we know the Nd concentration of the crystal.

Polarization Averaged

Transition (I,) ItU 2  I(u 2  I(u]1 (nm) S(1" cm2 ) Se(10 m cm 2 )

2
P M + 2D/ 0 0.0398 0.0017 433.6 0.118 0.183

4 + + 2D 3 + 2K, 0 0.0306 0.0229 470.8 0.437 0.261

4G7/ + 2 G92 + 2Km2 0.0711 0.2295 0.1279 526.0 1.965 1.953

4GM + 
2 G2 + 

2
H, 2  0.9682 0.5873 0.0724 587.0 6.195 6.197

4F9, 0.0009 0.0092 0.0406 686.0 0.251 0.270

4
F 7 2+

4S3a 0.0011 0.0431 0.6619 751.6 3.774 3.896

4Fs + 2H W2  0.0101 0.2419 0.5178 809.3 4.151 3.985

4Fm 0 0.2283 0.0554 887.2 1.134 1.304

Table 2. Polarization averaged absorption transition intensities in Nd3*:Y2SiO5 .

Using the determined Judd-Ofelt parameters, line strengths corresponding to transitions from the 4F3/2 to the 44 1/2 ,
4113/2, and 4115/2 manifolds can now be calculated. The calculated line strengths for these transitions as well as the
measured 4F3/2 to 419/2 line strength are listed in Table 3. From these line strengths radiative transition rates can be
calculated using the relation

A(-. J') 647r4e2 n (n2 + 2)2  4-) )
1-3 9 (4)

3h(2J + 1)

These rates recorded in Table 3 predict a total radiative rate out of the 4F3/2 level equal to 4438 s-1 or a radiative lifetime
for the meta-stable 4F3/2 state of 225 psec. Comparing this calculated value for the Nd3 4F3/ 2 radiative lifetime with
our measured value of 214 sec for the 4F3/2 fluorescence lifetime implies a quantum efficiency of 0.95.

Knowing the radiative transition rates of the 4F3/2 level down to the various 4I levels, it is possible to calculate
absolute emission cross sections from calibrated emission spectra using the relation,

= A(J-,J) X45

where g(k) is the normalized line shape function. Figure 5 details the orientationally resolved emission cross sections

for both the 4F3/2 - 419/2 and 4F3/2 - 4111/2 transitions.
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Polarization Averaged

Transition X (rn) S (101 cm 2) A(s- )

4F. - 'I a  1830 0.157 24.4

4Fa- . 1W2 1330 1.17 474

4Fa -I a 1050 2.90 2390

4F_ 4-/ * 894 1.13 1550

'Measured not calculated

Table 3. Calculated transition rates in Nd 3+:Y2SiO 5
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Figure 5(a). Stimulated emission cross sections of the Figure 5(b). Emission cross sections of the 4F3/2 -4F3/2 - 419/2 and 4F3/ 2 - 411,/2 transitions of Nd+:Y2SiO 5  419/2 transition in the region of interest foralong the three principal axis of the optical indicatrix. transmitters capable of accessing Cs ARFs. Here the
three orientations are overlaid on each other. The
wavelength of twice one of the Cs ARF's acceptance
wavelengths occurs at 85% of the gain peak.
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Nd 3+ 4F3/2 - 4I11/2 Gain Suppression

An important design consideration in Nd 3+ based GSD lasers and one pointed out by the data of Fig. 5 is standing
off the competing 4F3/ 2 - 4111/2 transition. In the case of Nd3+:Y2SiO 5, the peak 4F3/ 2 - 4111/2 cross section is 5 times larger
than the cross section of the desired 4 F3/2 - 419/2 lasing transition. The response we have used to address this issue is to
introduce a material in the laser cavity that selectively absorbs at 1.07 pm but is transparent at 912 nm. Our current
laser design uses samarium scandium gallium garnet (SSGG) as the selective absorber. Figure 6 presents an absorption
spectrum of this stoichiometric crystal which exhibits strong features near 1074 nm but is completely transparent at
912 nm.

2. I

ASE suppression/
2.0- of Nd emission

2.0 at 1.07 4

Sample thickness = 0.04 cm

.j 1.5

S1.0-

.0

800 900 1000 1100 1200
nm -4

Figure 6. Samarium scandium gallium garnet (SSGG) absorption spectrum.

912 nm Laser Demonstration and Modeling

Q-switched oscillator experiments have been performed to demonstrate the principles of GSD laser operation. In
particular, these experiments were designed to demonstrate 912 nm extraction efficiency, the feasibility of using SSGG
in the laser cavity to suppress the undesired gain of the Nd 3+ 4F3/ 2 - 4I11/2 transition, and finally to demonstrate closure
with our laser performance computer modeling codes.

A schematic drawing of our Q-switched oscillator is shown in Fig. 7. The oscillator cavity was 100 cm long. the
Nd 3+:Y2SiO5 laser sample was 7.1 cm long and doped with Nd 3+ at 0.9 x 1019 cm-3. The SSGG sample was 0.5 mm thick
and had an insertion loss of approximately 4% at the 912 nm laser wavelength. The SSGG sample served the dual
purpose of providing a polarization selective loss in the cavity for Q-switching and also suppressing the Nd3+ 4F3 /2 -
411,/2 gain. The flat high reflector had a greater than 99% reflectance at 912 nm and a transmission of -70% at 745 nm
to allow the 745 nm pump beam to enter the cavity and longitudinally pump the laser sample. Two different output
couplers were available with reflectances at 912 nm of either 70 or 80%.m

745 nm pump
K D P

R0a cm 200em FLR.@ 912
RuI@912w.7OrA KT HT. @ 745

at mBhrW~

Figure 7. Schematic drawing of the Q-switched oscillator used in our laser demonstration experiments.
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The boules from which our laser samples of Nd 3+:Y2SiO5 were cut were grown with their boule axis 200 off the (010)
direction, as shown in Fig. 8. Laser samples were then cut with their faces normal to the boule axis. In terms of the
optical indicatrix, this means the axis of the laser samples used in our experiments were 200 away from the X-axis and
tipped toward the Y-axis. With no polarization selective components in the cavity, 912 nm free lasing was always
observed to occur with the electric field parallel to the Z-axis. For our particular orientation of the crystal, this is what
one would expect based on the oriented emission cross section data of Fig. 5.

x <010'2,

growth -
axle

y

Figure 8. This sketch shows the orientation of our laser samples relative to the optical indicatrix of Y2SiO 5 . Laser
samples were cut with their faces normal to the boule growth axis.

To model the excitation of the laser sample during the application of the bleach wave pump pulse, the following
equations were used in generating our bleach-wave pump-pulse propagation code,

-F, (x, t) _ Op Ip (x, t) [nNd - nF 12 (X, t)]- - nF,/2 (x, t)- rAuse n, F31, (x, t)

at hvp TF

(6)
1 a (X, t) aIP(X, t)- I + = -pIp (x, t) [nNd - n4F312 (x, t)]

c at a x

where:

nNd is the Nd 3+ number density

n4F3/ 2 (x, t) is the local Nd 3  excited state number density

Cp is the absorption cross section seen by the pump wave

hvp is the energy of a pump photon

Ip (x, t) is the local pump wave intensity

TF is the Nd 3  4F3/ 2 fluoresence lifetime

rAuger is the Auger decay rate and included because of the high
excitation levels required for laser operation

Figure 9 shows predictions made by our pump pulse propagation code along with the results of experimental
measurements. Figure 9a shows the time resolved excited state fraction that our code predicts will result from the
application of the displayed 745 nm excitation pulse. Overlaid with this prediction is the experimentally measured
4F3/ 2 fluorescence decay signature that was measured by monitoring 4F3/ 2 - 4111/2 fluorescence at 1074 nm during and
after a shot of the exciting alexandrite laser. The excellent agreement between the shapes of the predicted excited state
fraction and the measured 4F3/ 2 fluorescence signature which should follow the excited state fraction are a strong
indication that our code is correctly modeling the physics of the excitation process. As a further check of the code's
validity, Fig. 9b displays the predicted time resolved excited state fraction and a plot of the natural log of the
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experimentally measured small signal gain at 912 nm. The small signal 912 nm gain was measured during and after
an alexandrite shot using a 912 nm probe beam generated by a Ti-sapphire laser. The natural log of this small signal
gain should follow the transient excited state fraction. Again, the excellent agreement between measurement and code
prediction gives us confidence in the code's validity.

Pump pulse, excited state fraction, Excited state fraction and
and 1074 nm fluorescence Ln small signal 912 nm gain

1.00 1 .00
0.900- 0.900-
0.800- 0.800-
0.700- 0.700
0.600- 0.600
0.500- 0.500
0.400- 0.400-
0.300- 0.300
0.200- " 0.200i
0.100- . .. .. 0.100- _

"0
0 400 800 1200 1600 2000 06 400 800 1200 1600 2000

Time (microsec) Time (microsec)

Figure 9(a). Computer predicted excited state fraction Figure 9(b). Computer predicted excited state fraction
is overlaid with the measured Nd3  4F3/ 2 time is overlaid with the natural log of the measured
resolved fluorescence signature. 912 nm small signal gain.

A series of computer codes have also been written to model the 912 nm energy extraction of the laser. The starting
point for generating these laser perfornance codes is the laser rate equations. In this analysis we assume that intra-
manifold relaxation occurs on a time scale much shorter than any inter-manifold processes. This means the various
manifolds involved in the lasing process will remain in thermal equilibrium throughout the generation of an output
pulse. Of particular importance to our rate equation analysis will be the fractional thermal population of the 4F3/ 2 and
19/2 manifolds that lie in the laser initial and final crystal field states. Figure 1 shows detailed Stark splittings of the
Nd 3+:Y2SiO 5 

4F3/ 2 and 419/2 manifolds for both types of cationic sites that Nd can occupy as reported by Tkachuk, et al.4

The fractional thermal population of the 4F3/ 2 manifold located in crystal field level that serves as our initial laser
level is given by the Boltzmann occupation factor as

fb 
=

eE/kT (7)

(All crystal levels in
the 4F3/ 2 manifold)

where we have neglected the degeneracies of the various crystal field states as they are all doubly degenerate. Using
the splittings in Fig. 1, the value of fb is calculated to be 0.70. A similar calculation for fa, the Boltzmann occupation
factor of the terminal laser level, gives 0.078. The rate equations appropriate for our laser now take the form

d c ( nb - na)- -!

dnbdt= -fb (nb- na)C a 
(8)

dna
dt fa(nb - na) c(

where 0 is the cavity photon density, na and nb are the final and initial crystal field level population densities,
respectively, t is the sample length, V is the cavity length, 8 is the fractional round trip cavity loss given by -Ln(T2 Roc),
tr is the round trip cavity time and given by 2V'/c, and a is the actual spectroscopic cross section of the laser transition.
This last distinction is an important one as the emission cross sections derived from our previous Judd-Ofelt analysis
were effective cross sections and ceff = fba.
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As a check on the validity of the performance codes we have written, a comparison of code predictions and
experimentally measured laser performance has been made. The laser cavity shown in Fig. 7 was pumped by an
alexandrite laser at 745 nm. The effective absorption cross section seen by the pump laser was 3.2 x 10-20 cm2 (see
Fig. 4). To optimize the 912 nm performance of the laser, an analysis was made to determine what spot size the pump
should have at the sample for a given fixed amount of pump energy to maximize the 912 nm Q-switched output
energy. The tradeoff here is between the pump induced excited state fraction in the sample at the time the Q-switch is
opened and the total volume of sample excited by the pump. The results of this analysis are shown in the map of
Fig. 10 where the sample length and the diameter of the pump excited region at the sample are varied and for each
possible combination the output 912 nm energy of the laser is calculated. For the particular map shown in Fig. 10, the
output coupler was assumed to be 70% reflective at 912 nm, the one-way cavity transmission was fixed at 0.9, and the
pump was assumed to be capable of delivering 4.5 Joules at the input side of the laser sample. The output energy
represented by the contours increases going toward the top center of the plot, and for our particular sample length of
7.1 cm the optimum pump geometry occurs when the pump fluence is adjusted to be 25 J/cm 2 and is not very
sensitive in the range between 20 and 30 J/cm 2. Taking the pump sat fluences as hvp/(Yp = 8.4 J/cm 2 means the
optimum pump configuration corresponds to pumping between 2.5 and 3.5 sat fluences.

Laser performance measurements were made using a pump fluence of 21.2 J/cm 2. Figure 11 shows the measured
temporal profile of the alexandrite laser used in our experiments together with the calculated excited state fraction
induced by the pump excitation pulse. The Q-switch was opened at the time the excited state fraction was at its
maximum value - the time of peak inversion. As a measure of the efficiency with which energy was extracted from
the sample during the Q-switched pulse, the population in the 4F3/2 level was tracked by monitoring the 4F3/ 2 -4111/2
fluorescence at 1074 ran. A scope trace of this fluorescence signal is shown in Fig. 12a and demonstrates the operation
of the laser at an internal extraction efficiency of 70%. For this particular measurement, the output coupler reflectivity
was 0.8 at 912 nm and the cavity transmission was estimated at 0.86 using a 912 nrm probe beam. Figure 12b shows the
internal extraction efficiency predicted by our laser modeling code as a function of cavity transmission and
parameterized by the excited state fraction just prior to opening the Q-switch. At our estimated cavity transmission of
0.86 and excited state fraction of 0.63 (see Fig. 11), the projected internal extraction efficiency of the laser is 0.7, in
excellent agreement with the results of our measurements.
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Figure 10. Optimization map in which contours of Figure 11. Temporal profile of the 745 nm
constant 912 nm Q-switched output energy are plotted alexandrite laser excitation pulse used in our
against sample length and the diameter of the pump experiments. The solid line shows the calculated
excited region at the sample. For this particular map, excited state fraction induced by the excitation pulse
it was assumed the output coupler was 70% in the laser sample for an assumed input pump
reflective, the one-way cavity transmission was .9, and fluence of 21.2 J/cm 2 (2.5 x rat).
the pump laser was capable of delivering 4.5 J of 745 nm
energy to the input side of the sample.

477



NOnnd flueocsncme ona h1mnel extyaco" Ofiefclcy

1.00 1.00

00. 1Jf 0.900

0.6800' /j.000:0.0 / 1
0.400 - 0.400 I /

0 ,00 v /

0..20 / 

o00 
''

1 
"V ' 

I I Il L h"O,

0.0 40.00 60.00 120.00 160.00 0.0 o.2oo 0.400 0.60 o.6o

Tlrm (umlec) On. way cavn

Figure 12(a). 1074 nm fluorescence trace showi-ag the Figure 12(b). The predictions of our laser

operation of the GSD laser at an internal extraction performance code for the internal extraction

efficiency of 70%. efficiency of the GSD laser as a function of the one-

way cavity transmission and parameterized by the

excited state fraction just prior to the opening of the

Q-switch. The operation point of the laser for the

measurement in (a) is as indicated. The contours of

constant excited state fraction start at 1.0 on the left

and decrement by 0.1 going to the right.

In addition to validating the operating principles of the GSD laser and demonstrating the effectiveness of using

SSGG in the cavity to standoff the 1074 nm gain, the foregoing measurements demonstrate the efficiencies that can be

reasonably obtained with such lasers. The limiting factor in the operation of our present laser is scatter losses at the

sample interface due to a degradation in the AR coatings on the Nd 3+:Y2SiO5 sample with laser operation. This

problem has been successfully addressed at the crystal growth stage using the REPTILE laser damage facility at LLNL to

assess crystal quality. At present, selected samples of Nd 3+:Y2SiOs have bulk and AR sol-gel (A(OOH) coated surface

damage thresholds of 40 J/cm2 for 10 nsec, 10 Hz, 1.06 gm test pulses. This dani'age threshold is adequate for the

foreseen operational envelope of the present GSD laser as the sat fluence at 912 nm is -9 J/cm 2.

Because of the modest values of cavity transmission achieved in our present laser, we have found we can increase

the output energy per pulse by using a higher transmission output coupler. Figure 13a shows the time resolved

Q-switched output pulse as measured by a fast photodetector for an output coupler reflectivity of 0.7 at 912 nm. At this

operating point, the output energy per pulse was measured to be 375 mJ and the sample was lased over an area having

a diameter of 0.42 cm (area = .14 cm 2). The sample was being excited by the same 21.2 J/cm 2 alexandrite pulse depicted

in Fig. 11 and so the excited state fraction as predicted by the pump pulse propagation code is 0.63. Knowing the laser

cavity transmission is 0.86, a self-consistent check of the laser operation was made to experimentally determine the

excited state fraction present in the sample just prior to the opening of the Q-switch. By measuring the initial risetime

of the laser pulse when plotted on a semi-log scale, the initial excited state fraction can be determined. This is easiest

to see by making a slight rearrangement in Eq. (8a)

dt

slope = cc (nb-na)- (9)

This method relies on measuring the slope before the building laser pulse has had a chance to significantly deplete the
4F3/2 excited state. Figure 13b takes the same pulse displayed in Fig. 13a and plots it in a semi-log scale. Fitting a line to

the initial rising part of the pulse gives a slope of 0.049/nsec, which together with Eq. (9) leads to an excited state

fracion of 0.60. Again this value is in good agreement with the pump pulse propagation code prediction of 0.63.

Figure 14 plots our laser performance code prediction for the external extraction efficiency as a function of output

coupler reflectivity and parameterized by the excited state fraction just prior to Q-switching. The cavity transmission

was set at 0.86 in this calculation, lea -iing to a predicted external extraction efficiency of 0.30 for a 70% reflective output

coupler and an initial excited state fraction of 0.60. For our 7.1 cm long sample doped with Nd 3+ at 0.9 x 1019 cm - 3 and
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lased over an area of .14 cm2, the stored 912 energy in the active laser volume just prior to Q-switching is 1.18 Joules.
The performance code prediction of 0.3 for the external extract! -n efficiency then implies the output energy should be
353 mJ, which is in good agreement with our measured value of 375 mJ.
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Figure 13(a). Time resolved 912 nm Q-switched output Figure 13(b). The same experimentally measured
pulse from the GSD laser. The output coupler used pulse of (a) but plotted on a semi-log scale. Fitting a
had a 912 nm reflectivity of 0.7 and the measured straight line to the initial rise of the pulse leads to
output energy was 375 mJ/pulse. a slope of 0.049/nsec.

Harmonic Generation

Doubling of the 912 nm output of the laser has been accomplished using an A-cut crystal Of KNbO3. For this
orientation of crystal, efficient non-critically phase matched harmonic generation can be accomplished using
fundamental light polarized parallel to the KNbO 3 B-axis and propagating along the A-axis with the crystal held at
approximately 135 0C. Figure 15 shows a map of doubling efficiency (taken from Ref. 14) as a function of the input
beams dephasing parameter and drive,

lo = C2 I L2 (drive) (10)

8 - A k I (dephasing)
2

where

C 5.46 dff(P) 1
X1 (n, n2 n3)2 (11)

Because of the large nonlinear optical coefficient of KNbO3 used for this doubling geometry [d32 = 19.7 (pm/v)],Is

modest values of input laser intensity give sufficiently large drives to achieve good doubling efficiencies even with
high order multi-transverse mode beams. To date the best doubling efficiencies we have observed has been in a
KNbO 3 crystal supplied by Virgo Optics and having an input aperture of 5 mm x 5 mm and a length of 15 mm. Using
an input 912 nm pulse with an average intensity of 7 MW/cm 2 and a beam divergence of 9 mrad (FW), making it 5
times diffraction limited, we have achieved conversion efficiencies of 25%. We estimate the drive of this beam to be
18 and the dephasing parameter to be approximately 0.9, putting us in the fringe area of the secondary lobe on the
doubling efficiency map of Fig. 15. From the map it is clear that we can increase our doubling efficiency to values of
50-60% without any improvement in beam quality by either increasing the drive from its present value of 18 to 24 or
by decreasing it to 3. This work is currently in progress.
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decrement by 0.1 going right.

Conclusion

A spectroscopic evaluation of Nd3+ in the biaxial crystal yttrium orthosilicate has been performed. Using the Judd-
Ofelt theory to analyze optical line strengths measured in absorption, we have extracted radiative rates for transitions
from the Nd 3+ 4F 3/2 manifold to the various 4I manifolds and emission cross sections for the 4F3 /2 - 419/2 and 4F3/2 -

41,/2 transitions. The 4F 3/2 - 419/2 transition is of particular interest to laser communication programs using receivers
based on the Cs atomic resonance filter because of the fortuitous Stark structure of Nd3+ in Y2SiO5 giving rise to a peak
in the emission spectrum near twice one of the filter's acceptance wavelengths. In connection with this we have also
measured optical absorption spectra that will be of interest to experimenters wanting to laser pump this material. We
have demonstrated for Nd3+:Y2SiO 5 that instead of the polarization and direction averaging strictly required for the
application of the Judd-Ofelt technique, it suffices to average over the three principal directions of the optical indicatrix
as evidenced by the good agreement (4.8%) between measured and calculated line strengths used in the fitting
procedure. The advantage of being able to do this lies largely in the experimental simplicity that ensues from being
able to use a single oriented rectangular sample for all measurements.

GSD laser operation has been demonstrated on the Nd 3+ 4F3/ 2 - 419/2 transition at the lasing wavelength of 912 nm.
The physics of the bleach wave excitation process and the 912 nm Q-switched energy extraction process have been
modeled in a series of computer codes that accurately predict the performance of the actual laser. SSGG has been
demonstrated as an effective gain suppressor of the unwanted and competing Nd3 + 4F3/ 2 - 411 /2 transition at 1074 nm
which has a cross section 5 times larger than the lased 912 nm transition. Additionally, the level of efficiency that one
can reasonably expect from GSD lasers has been demonstrated in our energy extraction measurements that have
documented internal extraction efficiencies as high as 70%. Finally, doubling efficiencies of 25% have been

demonstrated using KNbO3 in a non-critically phase matched geometry. Because of the large nonlinear optical
coefficipnt of KNbO 3 and the non-critical phase matched geometry used, the doubling is forgiving of beam quality and
allows efficiencies of 50-60% for our present 5 times diffraction limited laser at modest laser intensity levels.
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CW-FREQUENCY-DOUBLED ND:YAG LASER WITH HIGH EFFICIENCY
W. Rupp, P. Greve

Carl Zeiss, Laser-Flab
P.O. Box 1369,/1380, D-7082 Oberkochen, West Germany

Abstract

A cw intracavity frequency-doubled Nd:YAG laser has reached an overall efficiency of about
3 U: nearly 15 W multimode output at 532 nm was achieved. KTP was used within a folded
cavity.

1. Introduction

For many applications, especially in the medical field it is most desirable to have a high
power cw green laser with good conversion efficiency. Argon lasers in this respect are
limited to approximately 1 % , that means one can achieve about 4-5 W output power at a
wavelength of 514 nm from 4-5 kW electrical plug-in power. We therefore evaluated the
possibilities of frequency doubled Nd:YAG lasers in pure continous wave operation.

2. Experimental setup

The experiments are done with a twice folded resonator and an intracavity second harmonic
generator. The principle setup is shown in Fig. 1.

M6,

A R ME M3

1064
E::l 532

M4 L SHG M5

Mt ... M dieLectric mirrors
R l(ser rod j L focusing tens
SHG second harmonic generator ( KTP )

Fig. 1: Folded resonator for intracavity SHG

The pump cavity (R) includes a Nd:YAG laser rod (4 x 83 mm) and 2 arc lamps with 2500 W
electrical input power each. The resonator is closed up by the mirrors M1 and M 5 for the
fundamental and the second harmonic radiation. The two folding mirrors M2 and M 4 are
highly reflective for the fundamental wave. The mirror M 2 is dichroitic and transmits the
second harmonic radiation, which couples out here. Moving out this mirror a separate
resonator between morrors M1 and M3 is built up, so that the fundamental wave is coupled
out through the partial reflective mirror M 2. Mirror M 6 and the following beam splitter
allow for adjustment and coaxiality of fundamental and second harmonic radiation.

The nonlinear crystal is placed within the cavity and the radiation is focused into this
crystal by means of an optical system with focal length f and the rear resonator mirror
M 5 . For our experiments we used different nonlinear crystals (KTP, BBO and LiJO 3 ). As
described elsewhere1 , only the results with KTP have been promising so far for Nd:YAG
lasers. The parameters of the KTP crystal are given in Table 1. It has the highest
nonlinear coefficient ard the greatest acceptance angle. The walk off angle is very small.
Therefore a good focusing with high apertures and small focus diameter within the
resonator is possible.

Table 1: Properties of potassium titanyl phosphate (KTP)

Phase matching angle (Type II) . 250

Walk-off angle 0.060

Effective nonlinear coefficient deff 6x10- 23 As/V 2
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The dimensions of the crystal are 3 x 3 x 5 mm3 , the focus diameter within the crystal is
about 30 wm. The main design features of the resonator have been to avoid internal
resonator losses as far as possible by developing good coatings for the optical surfaces
and to achieve a high quality focus within the nonlinear crystal for high field
intensities. The last feature was accomplished by resonator calculations including thermal
effects in the laser rod.

An example for the coatings is given in Fig. 2. Both sides of the KTP crystal are coated
with a two wavelength AR-coating. For both wavelengths and both sides the rest
reflectivity is below 0.05 %.

,, 5.0 T "MX:5,66 T

ZWEI EREICHSENTSP HELUM6

(rot) :,81, rot :Bed.220 vo, 15.86.89
(9rueo):8, grue :Bed,230 vo 15.6.89 aR(rot) 8,84• ~ grun)=B8 \ R(gruen): 6,63/Z

408 586 Ae 788 868 968 1686 11e M 1260

Fig. 2: Anti-reflection coatings on KTP

3. Experimental results

The output power at 533 nm as a function of the electrical input power is given in Fig. 3.
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3 4 5

PpumpI kW I

Fig. 3: Output power with KTP
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One can reach about 14 W green power at 5 KW electrical plug-in power. This gives an
efficiency of 2.8 % . The output power is adjustable by means of the input power in some
range. Full adjustment cannot be made because of the thermal lensing of the laser rod
which differs for different input powers. Therefore the resonator is not optimized for all
pumping conditions.

The beam radius (532 nm) as a function of the distance from the outcoupling mirror is
shown in Fig. 4.
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01 I I 1

0 200 400 600 800 f000

Distance [mm
Fig. 4: Beamradius of the SHG-beam

Without an aperture within the resonator the diameter (l/e2 - points) at the outcoupling
mirror is about 1.8 mm, the half angle divergence in this case 2.5 mrad. Using a 3 mm
aperture within the resonator the beam diameter at the outcoupling mirror is only slightly
smaller but the beam divergence reduces to 1.8 mrad. These values have been measured with
an electrical pump power of 3.9 KW.

The nonlinear process within the KTP crystal exhibits some temperature dependence.
Theoretically it can be calculated by the following equationl:

AT 0.44"x with dn = 1.9x10- 9  i/0 C (1)
l.dn/dT dT

For our conditions the so-called full width half maximum temperature (FWHM)AT, that means
the temperature for which the output power has dropped to 50 % can be calculated to 50
degrees. Experimental verification can be done by mounting the nonlinear crystal into a
copper block which can be temperature stabilized by means of an external cooler/heater
system.

Fig. 5 shows the experimental results for different temperatures. The experimental FWHM-
temperature is measured to 520 C in good accordance with the theoretical value.

The green radiation (532 nm) has some overlay by the fundamental wave. This is measured
using dichroitic filters and the result is given in Fig. 6. For green output powers from 1
to 10 W the fundamental wave power is in the range of 0.2 %, that means maximum 20 mW at
10 W green.
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Fig. 5: Temperature dependence of the output power
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Fig. 6: Portion of 1064 nm in the SHG-wave

Due to the nonlinear process the polarization of the second hammonic wave is quite high.
Fig. 7 gives the degree of polarization as a function of the output power: from 2 to ) W
(532 nm) it is greater than 95 %.
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4. Summary

In summary we have developed a laser system which can produce up to 14 W cw green power at
532 nm in multimode operation. Preliminary specifications are given in Table 2. The
electrical input power for the system is between 3 and 5 kW. Therefore the system exhibits
an overall efficiency close to 3 %o which is almost a factor of 3 higher than for
conventional argon laser systems.

Table 2: Preliminary specifications

1064 nm 532 nm

max. cw power W 40 13

beam diameter mm 3 3

beam divergence (1/e2 halt angle) mrad 4.5 3.5

polarization (linear) unpolarized 95%

portion of 1064 in 532-radiation 0.2%

laser head weight kg 10

laser head size cm 13 x 13 x 92

typical electrical input power kW 3 ... 5

5. References

1. W. Koechner, Solid-State Laser Engineering (Springer-Verlag, New York, 1988)
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5J PHASE CONJUGATE Nd:GLASS SLAB LASER
WITH NEARLY DIFFRACTION LIMITED OUTPiYr

Metin S. Mangir and David A. Rockwell
Optical Physics Department

Hughes Research Laboratories
Malibu, California 90265

ABSTRACT

We built a Q-switched Nd:YLF/Nd:Glass phase-conjugate laser
producing 5J/pulse at lpm and 2.5J/pulse at 0.5Sm with
1.5 times diffraction limited beam quality at 1Hz.
We use slabs with a straight-through beam path and
correct thermally induced aberrations with SBS phase conjugation.

We describe a phase-conjugate Nd:glass laser we designed and built which reliably
produces -5 J at 1.053 #m, and 2.5 J at 526.5 am operating either continuously at 1 Hz, or
at 5Hz with 20 % duty cycle. Based on the location of the first nulls in the far-field
energy distribution shown in Figure 1, we estimate the green beam to be -1.5 times
diffraction limited. While a slab geometry is being utilized to minimize the thermally
induced medium distortions and the possible fracture of the laser medium, many features of
the design, notably the use of phase conjugation i with a straight-through beam path
parallel to the slab axis, represent significant departures from designs incorporating zig-
zag beam paths.

We have chosen this unconventional slab path to avoid many engineering challenges
encountered in practical zig-zag slabs. Pithough the zig-zag path in an ideal slab
cleverly solves the thermally induced focussing, its practical realization has proven to be
difficult. The requirements for very high quality optical finishes over large surface
areas and tight dimensional tolerances wake it expensive to produce. It is highly
susceptible to parasitic oscillations. Efficient utilization of the pumped volume is not
always possible due to the internal reflection angle dictated by the index difference
between the laser and coolant media. Due to non ideality of the slab there are additional
problems, such as surface degradation due to coolant corrosion, residual aberrations due to
slab end effects, mechanical difficulty in holding the slab and sealing the coolant without
interfering with the beam path, and susceptibility to beam wander due to slab bending. In
the past dozen years, these problems have been addressed and ways to minimize them have
been found, albeit difficult to implement. The disadvantage of our design is that the
strong thermal focussing in Nd:glass has to be dealt with. As will explained later, with
the optimum choice of glass host, focussing can be minimized, and even more complicated
distortions can be mostly corrected with phase conjugation.

The phase-conjugate Nd:glass MOPA configuration is shown schematically in Figure
2. The output of dye Q-switched, 40 ns long single longitudinal mode (SLM), TEM.0 Nd:YLF
oscillator double passes a Nd:YLF preamplifier, and produces a 15 mJ pulse. After a
Faraday rotator, the beam passes through a combination of spherical and cylinderical lenses
to produce a beam with an elliptical cross-section that fits better the rectangular
aperture of the slab amplifiers. Then the s-polarized beam is reflected from a Brewster
plate to drive the neodymium-doped phosphate glass amplifiers. The 2 cm wide beam path is
folded in the 5 cm wide slabs, permitting two gain passes through the amplifiers before
reaching the SBS phase conjugate mirror (PCM). The phase conjugate beam undergoes two
more gain passes on the way out. A 900 3hase matched, temperature-tuned (82.3 C) CD*A
frequency doubling crystal (0.8x3x2.5 cm ) placed on the output beam just before the
Brewster plate converts about 50% of the 1.053 #m output to 526.5 nm, which is polarized
perpendicular to the 1 pm light so that it passes through the Brewster plate with no loss.
Most (>50 %) of the residual 1.05 #m radiation also passes through the Brewster plate;
approximately 20% is reflected back toward the preamp, but it is stopped by the optically-
induced gas breakdown plasma shutter and Faraday isolator.

The 0.5x5x22 cm3 slabs are pumped on each side by two 0.8 cm dia., 15 cm long,
xenon flashlamps, in a diffuse cavity coated with barium sulfate. They are held in place
by simple o-ring seals. The slabs are water cooled on their large surfaces. We use LG-760
glass with 2.8x1020 ions/cm8 neodymium doping from Schott,. which has far less thermal
focusing in a straight-through slab geometry compared to LHG-5 glass from Hoya, although
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its thermo-mechanical properties are not as good. For an uniformly pumped LG-760 slab with
straight-through beam path, the thermal focussing coefficient2, a Y, is zero, because
stress-optical and thermo-optical (dn/dT) effects cancel each other. But due to slab end
effects 3 , there is some thermally induced focussing in the slabs. The thermal lensing is
managed by placing the two slabs two thermal focal lengths apart. This was one reason we
chose an amplifier design with two slabs in series. In fact, this focusing automatically
incorporates imaging of slabs onto each other (in one plane), thus lessening the
diffractive propagation losses in the amplifier. Phase conjugation corrects for residual
aberrations.

With 250 J input, the energy storage efficiency nt was 3.9%. At 500 J input (our
operating point), n.t was reduced to 3.3% (et = 0.42 J/cm ) mostly due to increased
amplified spontaneous emission (ASE) inside each slab. We ascertained that if the two
slabs are kept more than 80 cm apart, as we are doing, there is no increased ASE from
coupling of the two glass slab amplifiers despite the large (z200) single-pass small-signal
gain in the amplifier chain. Due to the low optical density along the 0.5 cm thickness of
each slab, the measured gain has only 20% difference between the center and the pumped
surfaces. Along the 5cm width of the slabs, the gain is uniform in the central 4 cm
section. The gain nonuniformity of -20% in the 0.5 cm zone near the edges on either side
is not important, since we do not use these portions of the slabs. Because of the edge
effects, these portions would cause strong depolarization and impose complicated
aberrations on the beam, even with a zig-zag design3.

One advantage of the straight-through pass of the slabs is that the large side
surfaces need not be polished; thus parasitic oscillations are minimized, and surface
degradation due to water exposure is not a problem.

We have pumped the slabs at full input power at 10 Hz, without lasing, indicating
that stress-induced fracture damage would not prevent 10 Hz operation. This fact is
consistent with our calculations of heat and stress generated in the slabs. The heat
generated per unit volume, PH, is given by e1tXf, where t.t is the energy storage density,
X is the normalized heating parameter, and f is the repetition rate. Earlier we had
measured X to be about 2 for flashlamp pumped Nd:phosphate glasses 4 . Thus, for e.t=0.45
J/cm3 and f=l0 Hz, PH is -gW/cm 3 . Then the calculated thermally induced stresses, a,, at
the slab surfaces are about 28 MPa, for the 0.5 cm thick LG-760 glass slab6 . Given this
value of a., we estimate the fracture probability of our 0.5x5x22 cm3 slabs to be much less
than 1%, using the typical fracture parameters available for LHG-5 glass samples s.

It is possible to obtain up to 10 J from this laser, since more than 30 J is
stored in the slab amplifiers. At the moment, the output energy of the laser is limited to
5 J at I pm by the available oscillator energy.

REFERENCES
1. D. A. Rockwell, IEEE J. Quantum Electron., 24, 1132-1140,(1988)

2. J.H. Eggleston, T.J. Kane, K. Kuhn, J. Unternahrer, and R.L. Byer, IEEE J. Quantum
Electron., 20, 289-300, (1984)

3. J.M. Eggleston, T.J. Kane, J. Unternahrer, and R.L. Byer, Opt. Lett., 7, 405-407, (1982)

4. M.S. Mangir and D.A. Rockwell, IEEE J. Quantum Electron. 22, 574-580, (1986)

5. J. E. Marion, J. Appl. Phys., 60, 69, (1986)
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1 x DIFF. LIM.

FIGURE 1. Contour plot of the far-field energy distribution at O.5pm. Tha appearent
asymmetry between the vertical and horizontal directions are due to the program that prints
the TV image. The corresponding width of an ideal diffraction limited beam is also shown
for comparison.
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FIGURE 2. Nd:glass pump laser schematic, Inset shows side view of slabs and scheme for
folding beam path through slabs before proceeding to phase-conjugate mirror (PCM).
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DEPLETION MODE PUMPING OF SOLID STATE LASERS

D. Mundinger, R. Solarz, R. Beach, G. Albrecht, W. Krupke

Lawrence Livermore National Laboratory, Livermore CA 94550

Abstract

Depletion mode pumping of solid state lasers is a new concept which offers features that

are of interest for many practical applications. In this paper we will discuss the physical

properties and mechanisms that set the design requirements, present model calculations for

a practical laser design, and discuss the results of recent experiments.

1. Introduction

The development of highly efficient lasers such as Chromium doped materials and

semiconductor lasers makes it practical to consider lasers which are pumped by other

lasers. Flashlamp pumped Alexandrite or LiCAF can be 5% to 10% efficient which is

interesting for many applications, while semiconductor lasers can be greater than 40%

efficient.

Both the Chromium doped lasers as well as the semiconduc or lasers cn be configured so as
to produce pump sources with intensities greater than 10 watts / cm which is
sufficient to saturate pump transitions in Nd and other rare earth ions, thereby inverting
a large fraction of the population. This opens up possibilities for new wavelengths, and
increased performance levels in terms of efficiency, beam quality, and average power
performance.

For example, one wavelength of particular interest is 911 nm or 919 nm which could be
frequency doubled to match up with the cessium atomic resonance for undersea communications
applications. The .9 um regime is also interesting for active sensor applications since it
is compatible with high gain, low noise, negative electron affinity photocathode detectors.

Apart from the new wavelengths that are enabled there are other performance advantages to
lasing back to the ground state. It lowers the amount of heat deposited in the host during
operation for lower thermal distortion. Also, by bleaching the medium, the gain is uniform
and therefore the thermal source distribution is uniform, both of which are desirable for
maintaining good wavefront control at high average power and high peak power.

Depletion mode pumping also provides architectural options to the more conventional
transverse pumping which is popular for high average power lasers but which puts
constraints on slab thickness and doping densities which are awkward to handle in the
presence of other design considerations. For example, depletion mode pumping allows the use
of thinner slabs for better thermal control without causing undesirable thermal gradients,
as in the case of conventional end pumping, which limit the average power capability of the
laser.

In what follows we will first go thru the basic principles of depletion mode pumping, and

outline the general design considerations. Then several models will be described which have
been developed for projecting performance of depletion mode pumped, ground state lasers. We
have also made several experiments to validate performance models and examine the design
space

Primarily, the work we have done has been with Nd doped into various oxides and fluorides,
however, the principles and scaling apply as well to other rare earth ions such as Tm, Ho,
Er, Yt and these systems are also interesting for many practical applications.

2. Basic principles, characteristics, and scaling laws

The basic principles of operation, characteristics, and scaling laws have been worked out
by Bill Krupke and Lloyd Chase and in ref. 1 they discussed the relationships between
cross sections, storage lifetimes, pumping intensities, and how efficiency, and inversion
uniformity are related to spectroscopic and configurational parameters.
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In summary, if the figures of merit for the system are high efficiency and good beam
quality, then the laser design is pushed into the regime where the optical thickness at the
pump wavelength is as large as possible, limited by only by parasitics, amplified
spontaneous emission, or damage. This provides the best utilization of the pump energy, the
highest inversion fractions for good extraction efficiency, and the highest gain uniformity
for good beam quajity. ypically optimized designs are characterized by low doping density,
usually around 10 /cm which means that the stored energy density and the specific
gain are very similar to conventional rare earth doped solid state lasers. Also, since the
level of gain depends on the level of inversion to varying degrees depending on the
spectroscopic details, they operate at high inversion fractions, typically greater than
50%, and pump intensities typically 5 or 10 times saturation intensity.

Opump = (5 - l0)*(hvp/Oaf) (H/cm2 )

where hvp - energy of pump photon (Joules)

Oa = absorption cross section (cm
2 )

and Tf = fluorescence lifetime (sec)

Fig. 1 shows a sequence of times during the pump pulse which illustrates how the optical
field, and inversion fraction evolve and form a bleach wave that propagates thru the
medium. At early times when the integrated flux is well below the saturation fluence, the
intensity falls off exponentially as a function of distance and the excited state density
also falls off exponentially. At this stage the situation is similar to flash lamp pumping

after 20 microseconds a after 50 microseconds Nd = 2.0 x lois
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Fig. 1 Sequence of snapshots showing the time evolution of the pump intensity, and the
inversion fraction under depletion mode pumping conditions.
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At later times a wavefront is forming, leaving behind a bleached medium. The excited state

density tracks the pump intensity very closely. The velocity of the wavefront is:

V = (¢/hvp)*No

where No - doping density

The pump intensity has to be sufficient to bleach thru the material in a time less than the
fluorescent lifetime. The transition region is inversely proportional to the optical
thickness, and generally the smaller this transition region is compared to the total
length, the more efficient the laser will be.

There are also spectroscopic properties that are important to note in selecting a host for
optimum performance. First of all there has to be sufficient stimulated emission cross
section, as in any solid state laser, so that energy can be extracted without damaging the
material. Typically, the intercavity fluence will be several times the saturation fluence
of the laser transition:

r (1 - 2)*(hvg/e) (J/cm 2 )

where hv, = energy of a laser photon
and Oe - stimulated emission cross

If there is more than one mode lasing, there can be local intensity peaks several times
larger than the average, so, f56 typical strong materials the croJ*s section for emission
should be greater than 2 x 10- cm-.

Another important consideration is competing gain on o-her transitions. This is
particularly a concern in Nd because the gain at 1.06 um is typically many times larger
than it is at .9 um, so a desirable host would have less competition on other lines. There
are ways of dealing with gain competition, one can either selectively absorb at the
wavelength of the competing line, and that is a technique that we have used successfully,
alternatively, dichroic coatings can be used to put a high loss in the cavity for competing
lines.

Finally, because the lower level does fill back up during lasing, it's important for
efficient, room temperature operation, that the lower laser level be several kT above the
ground state.

Nd:Sc2Si20 7  Nd:LiYO 2
3000- 5000

4000--

2000- 3000

2000
100000

z1000-

0 0
850 950 1050 800 900 1000 1100

WAVELENGTH IN AIR (nm) WAVELENGTH (nrm)

Fig. 2 Fluorescence spectra of two Nd doped oxides which illustrate the desirable and
undesirable characteristics for depletion mode pumped ground state lasei..
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To illustrate these two points fig. 2 shows two emission spectra which illustrate a good
candidate, and a poor candidate. In the scandium orthosilicate the gain to the 4111/2
manifold is spread out oyer several lines while the 9/2 manifold shows a fairly strong
feature at about 500 cm- above the ground state. On this basis, Sc2Si2 07 is an
interesting candidate. On the other hand, the LiYO2 has a single dominate feature in
the 11/2 manifold while the strongest feature in the 9/2 manifold is only abcut 200 cm -

above the ground state and so it's thermal population at room temperature is fairly high.
Because of this LiYO 2 is not a desirable candidate.

3. Depletion mode pumping: Modeling and Experiments

Next we will describe the modeling and experiments that we have done to characterize the
pump dynamics and to demonstrate the utility of this kind of laser and to validate
performance against model calculations. The equations that describe the excited state
population and the pump intensity are as follows:

2 N*(xt(x,t) N - N*(Xt)J N*(x,t) - rAugerN 2(x,t)
at N tsat f N -f

(l- x + ) (x,t) = Oa'(X,t)[No - N*(x,t)] 1 XN*(x,t)
cat ax

where $ x,t) - pump intensity
N (x,t) - population in upper manifold
No - doping density

-rf fluorescent lifetime
aa - absorption cross section
Osat - saturation intensity hv/aa~f
Z - cross section for excited state absorption

The pump beam propagates thru the material, energy is lost by absorption out of the ground
state manifold and thru excited state absorption. The population in the excited state
manifold changes at a rate depending on the pump intensity, the fluorescent lifetime, and
quenching. At high excitation levels there is the possibility of Auger recombination and so
we have included in the model a term proportional to the excited state density squared.

Implicitly in this model we assume that the inter-Stark relaxation rates are very fast, on
the time scale of the pump pulse. That is, everything decays instantly from the pump level
down to the metastable level. Also, we assume that the populations in the various Stark
levels in the ground state manifold are always in thermal equilibrium. Finally, we assumed
that if there is any ESA or concentration quenching, that would populate other levels, that
everything decays rapidly either to the upper metastable level or the ground state
manifold.

Several experiments were made to verify that depletion mode pumping is indeed possible and
that the population dynamics can be reasonably described by this set of equations.
Basically, these experiments were designed to look for any mechanism that would reduce the
storage efficiency.

Fig. 3 shows a schematic illustration of the experiment to measure gain and to observe the
population dynamics during the pump excitation pulse.

An Alexandrite laser was used as the excitation source. In these experiments approximately
lJ pulse energy was used. The pulse length was 80 usec, and the spot size was about 1.5 mm
in diameter. Density filters of various attenuations were inserted between the pump and
the sample so that the total fluence could be adjusted. The samples of yttrium
orthosilicate that were pumped ranged in length from less than I cm 4p to several cm and
the doping density varied from less than 1.0e10 up to almost 5 x 101 . The doping
density was known to about 10% and the fluorescent lifetime at low doping was know quite
accurately. The gain was sampled using a Ti:saphire probe laser tuned to 912 nim. The
power in the probe laser was 10 mw cw, well below saturation fluence, and the beam was
detected after passing thru the pumped region, on a photodiode. We did have a reasonable
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estimate of the stimulated emission cross section from a Judd Ofelt analysis of the
absorption lineshapes and this was used, along with the doping density to derive the
excited state fraction. There was also a diagnostic looking at the fluorescence at 1074
as well as the fluorescent in the blue which we thought might show up if there were ESA.
The fluorescent at 1074 gives a good measure of the instantaneous excited Ltate population
and should be sensitive to Auger quenching and what excited state density that would
become important. In general we were concerned about any non radiative mechanisms coming
into significance and at what levels of excitation. Measurements were made over a variety
of doping densities and excited state densities and then compared with model calculations
to validate our understanding of the pump dynamics.

photodiode

spectrum alzer -- Y
912 nm filter

attenuating litter

sAlexandite 
pump

745 nm, 80psec pulse
beam splitter 1 Joulpulse

1.8 mm spot size

x-axis

Ti:saphire probe
912 nm cw. 10mw,
400pm spot size w/ y-axis

beam profile

Fig. 3 Schematic illustration of the experiment for measuring excited state fractions
during depletion mode pumping.

Based on the measured beam profile, the doping density, and sample length, and how much
energy went into the sample we can simulate the fluorescent signal and compare that to
what was measured. Data was taken over a range of doping densities and pump fluencpg and
good agreement was obtained with the data assuming an Auger parameter of 1.3 x 10-

Fig. 4 shows a comparison of the excited state fraction based on the fluorescent signal
compared to the model calculation of the fluorescent signal. Fig. 5 shows the excited
state fraction derived from the small signal gain. The only scale factor here is the
emission cross section. The emission cross section that seems to give the best _t in both
the gain measurements and the energy extraction experiments was about 2.1 x 10 which
is about 15% smaller than the cross section derived from the Judd Ofelt analysis. Fig. 6
shows the excited state fraction as a function of pump fluence. The circles on thignplot
are backed out from the gain measurements again using a cross section of 2.1 x 10- -2 nd
the triangles are calculated from the pump model using a quenching rate of 1.3 x 10

In summary, over the range of excited state densities, and pump fluences of interest, the
time dependence of the excited state density predicted by the model and the excited state
fraction derived from the gain measurements are in good agreement. The uncertainty in the
analysis is 15%.

4. Extraction Dynamics: Models and Experiments

Additional models were developed to describe the photon field and population dynamics
during the extraction process. During extraction everything takes place on a much faster
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time scale and we were looking for any mechanisms that would limit extraction efficiency.

Fig. 5 Excited state fraction vs. time
derived from the small signal gain

1.0 and the model calculation 0- derved from gain measurement
A from model calculation

= 215x1O2cm2  1.0

rr:=2.5 1.
.e j .6 celculetIon O

nwesured by 1 .4

Inpre

.2 .2 .21074 fluoresence

OW600 10 200 400 00 1 2 3 4 5

Oime (,C) time (jaw) rFr.
Fig. 4 Excited state fraction vs. time Fig. 6 Excited state fraction vs. pump
as derived from the model and from fluence from gain measurements and
the 1074 nm fluorescence signal model calculations

The equations for the photon field, the upper state population, and the lower level
populations are:

di = P[cai(nb - na) - 6]
dt tr

dna fn
= a(nb - na)CaTdit

dnb - -fb(nb - na)cai'
dt

fb = eXP(-b/kT} fa =  ex-{a/T

Eiexp{-c t/kT) a jexp{-cj/kT}

where T - laser field
na - population in terminal laser level
nb - population in upper laser level

L - optical length of sample
L' = optical length of cavity
a - spectroscopic cross section of laser transition
tr = cavity round trip transit time
6 - fractional round trip cavity loss

Again, we assumed that the inter-Stark relaxation times are short compared with the length
of the extraction pulse which was about 100 ns. In these experiments, the Q-switch was
opened near the peak of the stored energy and so the population levels are tracked during
the pump pulse using the pump dynamics model and after that the populations are driven by
the laser field.

Fig. 7 shows a schematic illustration of the experiment used to characterize the extraction
dynamics and to measure the pulse shape and the fraction extracted for comparison with
model calculations.
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Fig. 7 Schematic illustration of the experiment for validating extraction
dynamics.

In addition to measuring energy in, energy out, and pulse shape, the gain was
independently monitored by looking at the 1074 fluorescence which we knew from earlier
experiments tracked the gain very closely.

The internal extraction efficiency, that is how much of the stored energy was actually
removed by stimulated emission, was measured as well as the external extraction
efficiency. This experiment was repeated at two different output couplers, one with a
reflectivity of .7 and the other with a reflectivity of .8. Fig. 8 shows two traces of
the 1074 fluorescent signal showing the drop in excited state density as the Q switch is
opened for the two different output couplers.

1.0 1.0

pump fluence
.8 21 J/cm 2 (E/Esat=2.5) .8

output coupler output coupler
R =.7 R = .8

.6, .6 a.

A . .4

2 .2

20 60 100 140 180 20 60 100 140 180
time (jisec) time(gsec)

Fig. 8 Excited state fraction vs. time during the Q-switch pulse for two
different output coupler reflectivities.

Knowing the energy in the pump beam, the cross sections, lifetime, and thermal populations
of all the sublevels the eqiuations for the pump pulse and the extraction process were
solved numerically for the internal extraction efficiency. Fig. 9 shows the model
calculations for the extraction efficiency as a function of excited state fraction and
output coupler reflectivity, using the measured absorption cross section and the emission
cross section derived from Judd-Ofelt analysis. Superimposed on these calculations are the
measured values of both the internal and external extraction efficiency.
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Fig. 9 Internal extraction efficiency and external extraction efficiency as a function of
excited state fraction. Solid lines are based on model calculations and the triangles are
data points from the extraction experiments.

5. Summary/Conclus ions

Lasing has been demonstrated on a ground state transition and extraction efficiency and
pulse shape are in good agreement with modeling. Bleach mode pumping to high inversion
levels (>50%) has been demonstrated and agrees well with simple model calculations. Based
on these experiments and model projections we believe that ground state depletion mode
pumped solid state lasers are practical, and can achieve high efficiency and high peak and
average power performance.

Currently activities are underway to develop diode pump sources that can deliver
sufficient intensity to saturate pump transitions. In addition, other active ions such as
Tm, Ho, Er, Yt are being evaluated as well as other hosts for a variety of applications
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Abstract

Laser frequency stabilization is briefly reviewed with an emphasis on the requirements in monolithic,

diode laser pumped, solid state lasers. Recent work on the active stabilization of a diode laser pumped, non-
planar ring oscillator to less than 3 Hz of relative linewidth is included and improvements necessary to
reach the quantum limit are discussed. Results using these sources in a coherent communication link and to

injection lock a 13 W laser are also presented.

Frequency stable lasers are required as master oscillators in many applications, including coherent

communication, high resolution spectroscopy and gravity wave detection. Helium-neon, dye and argon-ion lasers
have been successfully stabilized for potential use in these fields

1 ,2 ,3
. These lasers are typically made

from discrete elements and have wideband frequency noise requiring complex locking servos. Diode laser
pumped Nd:YAG rod lasers have also been stabilized to reference interferometers

4 " 
However, without a

reference oscillator the frequency stability of these lasers is commonly analyzed using the closed loop error
signal which can only provide a lower bound on performance. These lasers also require additional elements
to force single axial mode operation as well as provide isolation against optical feedback.

The diode-laser pumped nonplanar ring oscillator (NPRO), invented in 1985 by Kane and Byer
5
, overcomes many

of the difficulties associated with discrete element systems. Short term free running linewidths of 3-10 kHz

have been reported for diode laser pumped Nd:YAG NPRO's
6
,
7 

and spectral densities of frequency noise have
been measured to be approximately 100 Hz/-4-H at 100 Hz and 16 HzI i- at 1 kHz

8
. These impressive frequency

properties are attributed to the low noise diode laser pumping together with the monolithic nonplanar ring
geometry. Diode laser pumping avoids frequency noise associated with flashlamps and the unidirectional
oscillation made possible by the nonplanar ring geometry eliminates spatial hole burning forcing single mode
operation and provides feedback isolation. Furthermore, the monolithic construction requires no external

elements and is, therefore, less sensitive to ambient acoustics.
The lasers we used in our stabilization studies were modified Lightwave Electronics model 120 NPRO's with

2 mW of typical output power
9
. The Nd:YAG laser crystals were replaced with Nd:GGG crystals optimized for

improved resistance to optical feedback
1 0 

and PZT actuators were 'bonded directly to the gain medium to provide
fast frequency tuning. The PZT tuning coefficient was 450 kHz/V with a tuning bandwidth of 500 kHz and a
dynamic range of greater than 20 MHz. In addition, these lasers could be temperature tuned at 3 GHz/*C with
a modulation bandwidth of approximately 1 Hz.

Our locking scheme
1 1

, shown in Fig. 1, used a frequency discriminant technique known as FM or Pound-Drever
locking

1 2
.

Laser I was phase modulated at a frequency of 10.9 MHz and laser 2 was modulated at 20.3 MHz. The two laser

beams were mode matched into a high finesse interferometer (Newport Research Corporation model SR-150 Super
Cavity). The interferometer had a free spectral range of 6.327 Glz and a finese of greater than 22,000. The
interferometer transmission bandwidth was, therefore, less than 288 kHz. Typically no more than two higher
order transverse modes were measurably excited. The amplitudes of these modes were more than 14 dB below the
fundamental and their frequencies were offset from the axial mode by 0.811 and 1.62 GHz. The phase modulation
sidebands of each laser lie well outside the interferometer passband and were, therefore, completely reflected

with essentially no relatively phase shift. The polarizing beam splitter and quarter-wave plate served to
isolate the reflected and incident beams as well as provide additional resistance to optical feedback.

On resonance approximately 60% of each carrier is reflected from the cavity. However, near resonance the
carrier experiences a strongly dispersive phase shift

1 3
. The phase shifted carriers beat with their respective

sidebands at detector D2 and the components at frequencies fl and f2 are detected at the output of the two

mixers. The amplitude of these signals is proportional to the frequency offset relative to the cavity
resonance and serves as an error signal used in the locking loop The error signals were amplified by high
gain servos and fed back to the PZT actuators bonded to the laser crystals. The controller had a DC loop

gain of 125 dB with a unity gain point of 100 kHz.
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Figure 1: FM locking of two diode laser pumped nonplanar ring oscillators to adjacent axial modes of a high

finesse interferometer

The two lasers were independently locked to adjacent axial modes of the interferometer and due to the
large interferometer free spectral range could not phase lock. Locking the two lasers to the same inter-
ferometer also provides limited common mode rejection against cavity fluctuations. Detector Dl served as
a diagnostic port, outside the control loop, enabling direct measurements of the lasers relative stability
via the heterodyne beam note.

RES BW 2.4 Hz

E

25Hzdiv

Figure 2: The heterodyne beatnote between two lasers independently locked to adjacent axial modes of a high
finesse interferometer

Figure 2 shows a spectrum analyzer trace of the heterodyne beat note signal detected at this port. The
6.327 GHz signal was mixed down to 20 kHz with a precision RF oscillator and analyzed with an audio spectrum
analyzer (Hewlett Packard model 3561A). We measured a 2.9 Hz heterodyne beat note linewidth. Figure 2 shows
sideband structure on the signal. This sideband structure is due to the short length of the reference inter-
ferometer as well as to electrical pickup (note the 60 Hz sidebands). This arises because the amount of

common mode rejection that can be achieved is proportional to the length of the reference interferometer.
With our cavity a 0.1 nm length fluctuation corresponds to a 24.9 Hz shift in the free spectral range.

The beat note linewidth is determined by system noise
3
. Shot noise on the laser beam together with

amplifier noise are interpreted by the servos as frequency fluctuations and are, therefore, imposed directly
upon the lasers output frequency. This spectral density of voltage fluctuations is converted into frequency

fluctuations with a conversion factor given by the inverse slope of the frequency discriminant
3
. We measured

this to be 2.5 MHz/V. On the resonance the optical power at detector D2 was approximately 77 uW. This

corresponded to a photo current of 38.4 oA and, therefore, a shot noise current density of 3.5 pAAMi. The
amplifier noise current was 14.5 pAA1H . The voltage gain of the discriminant was 15,810 V/A and, therefore,
the system noise was determined to be 0.33 oV/4Vfz. This corresponds to an imposed spectral density of
frequency fluctuations of 0.834 HzkrH . In the regime where the size of the frequency fluctuations is small
compared to their bandwidth the resultant linewidth of an oscillator is related to its spectral density
(A) by

14 
Avlaser = -A

2
. Thus each laser had a theoretical, noise limited linewidty, of approximately
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2.2 Hz; in good agreement with the experiment.
To reduce the relative linewidths to a shot noise limited level the discriminant slope must be increased.

The discriminant slope increases proportionally with the optical power while the shot noise is proportional
only to the square root of power. With only 77 IW of optical power at the detector the amplifier noise
dominates the system performance and prevents shot noise limited linewidths. In the absence of amplifier
noise the shot noise limited linewidth is approximately 150 mHz.

These low power lasers have been used to injection lock a higher power oscillator
1 5

. In this technique
a low power (30 mW) NPRO was used as a master laser and injected into and amplified by a high power, CW,
lamp pumped slave laser. The slave laser in free running operation was capable of up to 20 W of multimode
output power. When the slave laser was locked to the master, in the same manner that the low power NPRO was
locked to a Fabry-Perot cavity, single mode frequency stable operation was achieved. Output powers as high
as 13 W have been achieved with no significant degradation in the phase noise.

The low phase noise of diode laser pumped NPRO's and their demonstrated ability to be easily stabilizedas
well as used to injection lock high power oscillators make them ideal candidates for use in coherent
communication applications. To demonstrate this potential we developed an optical phase locked loop (OPLL)
for use in a coherent homodyne receiver utilizing nonplanar ring oscillators for both the transmitter and
receiver. The local oscillator and transmitter were the same Lightwave Electronics model 120 nonplanar ring
oscillators described above.

Our locking circuitry can be described as a type II third order PLL, which offers the advantages of very
high gain at low frequencies together with a small equivalent noise bandwidth. The OPLL achieved tight
locking for several hours with transmitter powers of less than -34 dBm on the phase detector. The spectral
density of closed loop phase noise was measured by spectrally analyzing the voltage fluctuations at the
phase detector output on a Hewlett Packard model 3561A dynamic signal analyzer. The measured noise spectral
density corresponded to an rms phase error of 11.6 mrad (0.690.

The minimum phase error in an optical phase lock-loop was derived by Kazovsky in 198616. In his analysis,
he assumed that Av, the lasers Lorentzian linewidth, is the dominant term in the laser's spectral density of
frequency noise. While this is true for diode lasers, it is not the case for many diode-laser-pumped solid
state lasers which have very small Lorentzian linewidths and are primarily flicker noise dominated. In order
to compare our experimentally achieved phase error to that predicted by Kazovsky's theory, we measured the
equivalent noise bandwidth of our loop filter and the free-running noise spectral density of our lasers. We
found a value of 31.5 kHz for the equivalent noise bandwidth of the loop filter. Previous measurements had
determined that the spectral density of noise was flicker noise dominated with (in Kazovsky's notation) ka of
6.5 x 103 Hz

2 
and an equivalent Av of 0.33 Hz. At the power levels of these experiments, shot noise is

negligible and the theoretically predicted minimum phase error is 9.0 mrad. This agrees well with our
experimentally observed phase error of 11.6 mrad.

Diode laser pumped solid state lasers have now been able to achieve less than 3 Hz of relative linewidth
in active siabilization experiments, less than i of closed loop rms phase noise in an optical phase locked
loop, and up to 13 W of CW, frequency stable output in an injection locked system. Additionally, their
monolithic structure makes them extremely rugged and diode laser pumping results in high efficiency. These
results demonstrate that solid state lasers can be built to have extremely low levels of frequency noise and
should provide an attractive alternative for applications ranging from coherent communications to gravity
wave detection.
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Abstract 2 THEORY

An experimental and theoretical study of the characteristics of a
long-wavelength Nd:YAG laser have been performed. The calculations
indicate that operation at 1.06 pm and at 1.44 pm is possible. The The operation of the laser is simulated using a 4-level model of the
results have been verified experimentally both under Q-switched andnon Q-switched conditions. NdS+ ions. A generalized 4-level model is shown in Figure 1. This

model includes fourteen laser transitions ranging from 0.9 pm to 1.44 pm.
1 INTRODUCTION

The large number of transitions utilized is intended to provide a re-

The armed forces presently have a large number of devices that are alistic representation of the competing characteristics of the various

based on the technology of Nd3+ :YAG lasers. These systems range transitions when a set of restrictions are imposed by the design of the

from small hand-held devices to larger rangefinders/designators that laser cavity. The goal of the simulation is to determine the conditions

are utilized as part of complete weapons systems. With the prolif- that would favour the transition at 1.44 pm over all the other ones

eration of these lasers, the technology has now been developed to possible.

a high degree of sophistication. It is nowadays widely recognized The wavelengths of the transitions employed in the model along

that the Nd3+ :YAG laser is a very convenient and relatively high- with the laser parameters are listed in Table 1 and a more detailed

performance source of near infrared radiation at 1.06 pm. The spec- identification of these transitions is shown in Figure 2. A set of tempo-

troscopy of Nd3+ :YAG indicates that there are several transitions in ral rate equations describing the evolution of the population densities

the 4F3/2 - '19/2, I1/2, and 4I3/2 manifolds [1]. It has been sug- in the 4-level model are presented below,

gested that laser emission is possible on most of these transitions [2]. dn, I

Previous work [3] has indicated that long-wavelength pulsed operation

of the Nd:YAG laser is possible at 1.44opm using a transition in the
4F3/2 to 113/2 band. Light at this wavelength is eyesafe and it is

feasible that a standard laser can be modified to operate at the longerRELAXATION

wavelength. There is also the possibility of switching the output be- puWp3 4 F3/2

tween 1.06pm and 1.44 pm depending upon the desired application. LASNG

This report summarizes a theoretical investigation into long wave-TR-2 "13a

length Nd3+ :YAG laser operation and it presents the results of an ex- RELAXATION

perimental study into both the Q-switched and non Q-switched lasing 1912

characteristics at 1.44 pm. The results indicate that dual wavelength

operation is possible and that the device has potential as a source for

several applications including medical and military systems. Figure 1: A generalized 4-level model of the Nd3+ ions
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Figure 2: Lasing transitions used in the model Figure 3: The 4-level model of the Nd3 + ions

Table 1h Mo el Parameters In addition, a set of rate equations are also used to describe the
, A(m) peak 6 (cm

1
.)

1 0.946 5.80 X 10-20 As 3.93 x 103sec t  growth of the photon density at each frequency a,. The gains and
2 1.064 3.00 x 10-1s A4  = 2.00 X 10

4
sec'

3 1.3187 0.95 x 10- ~19  3i 0.3 losses in the laser caused by the various mechanisms are modeled for a
4 1.3203 0.23 x 10- C.s  332 07
5 1.3335 0.44 x t0-' i 1341 J5 cavity configuration shown in Figure 4. The corresponding set of rate

6 1.3351 0.54 x 10 -15 134 0.65
7 1.3381 1.00 x 10- 11 A3 - 1.00 x 1.09sec -  equations for the photon density are given by,
8 1.3419 0.36 x 10

- 19  A4 = 22 1w12 = 0 ,

9 1.3533 0.28 x 101 0 3 1 1.8 l itlsece cs [y th varous me i are mdeJ f-
10 1.350 0.23 x 10- 19  #32 = 0

51 1.415 0.20 x jo-is 41 J5 cavity cofgrto 0hw in Figur 4. The 2Lcorsndg set orate

12 1.4271 0.08 x 10
- 19  

0 10cm (2)
13 1.4320 0.33 x 10-19 jL 15cm
14 1.4444 0.28 x 10-19 where = 1,2,3,..., 14

R1,, R2 . are the front and back mirror reflectivities at
frequency a' respectively

Q(t) is the Q-switch function that controls the oscillation3 4 10_ = l1 of the cavity

dt 1 .. [ L) +++is the spectral transmisivity of the filter F
14 0at frequency

,( I ++ is the absorption loss of the Nd:YAG rod

dt -3at frequency v (mera
1
)

dn4  2L/c is the double-pass transit time of the cavity
- P + n3 0b34 - n4 ( -43 + A 24 ) (1) A3  is the spontaneous emission decay time of level 3

n, is the population density (cm -3 ) in leveli
wi. 's are the nonradiative transistion rates (s-1)
, j are the upper and lower levels respectively, i.e. _ The last term in equation [2] corresponds to the noise photon den-

Ai's are the spontaneous emission rates (s- 1)
3j 's are the spontaneous emission branching probabilities sity generated by spontaneous emission.

p is the excitation pumping rate (cm-s - 1 )
N, is the effective population inversion at frequency v(cm - 3) It is well known that each of the states (4 F/ 2 , "13/2, 419/2) of the
6 is the stimulated emission cross section at d(cian)

1, is the laser photon density at frequency v' (cm- 3 ) Nd3+ ions is comprised of many Stark components resulting from the
c is the speed of light (cmsa- )
I is the length of the Nd:YAG rod (cm) removal of the arbitrary degeneracy by the crystal held [4]. Therefore,
L is the length of the cavity (cm) the lasing transitions can originate from one of the Stark components

Figure 3 is a schematic diagram illustrating the various radia- in the upper level and terminate on one of the Stark components on

tive and nonradiative transitions in the 4-level model described by the the lower level. To take this into account, the effective population

above rate equations. The subscript v in equation [1 indexes the lasing inversion at lasing frequency v is modified as follows,

transitions. e=' e -'
-&D- nu -- (3)
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where e:-& is the Boltzmann factor of the i" Stark component, the two end faces of the Nd:YAG rod must be smaller than 0.25%.

n, is the upper lasing state population density, n, is the terminating If this condition is not met, the rod will act as its own resonator at

state population density, k is the Boltzmann constant and T is the 1.06 jm. Therefore, proper anti-reflection coatings are required if the

temperature (set to 3000 K). For the conditions v = 1, u = 3 the laser is to operate satisfactorily at 1.44pm. An alternate solution is to

parameter 1 is set equal to unity while for v = 2 to 14,1 is set equal to cut the ends of the rod at Brewster's angle.

2. The subscripts i and j are indexes for the Stark multiplets of the Finally, we have taken into account the spectral absorption of the

states corresponding to the lasing transition at frequency v. Nd:YAG rod. This absorption is assumed to be 0.4% cm- I from 1.3 to

It should be noted that the stimulated emission cross section 6, 1.44 pm and 0.22% cm- 1 at 0.946 and 1.06pm. The pumping of the

strickly speaking, is given by, Nd:YAG rod has been simulated by one or more flash lamps. To predict

the amount of output laser energy that can be obtained at 1.44 pm for
6,=6oL(v) (4)

a given electrical input energy, the performance specifications of com-

where 60 is the peak value of the cross section at line centre and L(v) mercially available flash lamps were used in selecting the values of the

is the normalized line profile function with line centre frequency v. As pumping parameters used in the model. We took into account prac-

a first approximation we assume that the value of the cross section is

roughly constant over the line profile. i.e. 6, = 6o.

3 COMPUTATIONAL RESULTS

The objective of this study was to determine the conditions that would M1 "0" SWITCH M2

allow 1.44-pm lasing action from the Nd:YAG crystal while suppress- I I LASER

ing all the other transitions. It is well known that Nd:YAG lases readily ".E A "
4_-_ i --.-

at 1.06opm. Therefore, we must find a scheme to discriminate against R1 R2

the 1.06pm transition and to favour that at 1.44,um. There are a

number of methods that can be used to achieve this objective. The

reflectivity of the cavity mirrors could be controlled to favour lasing Figure 4: A schematic diagram of the laser cavity

at 1.44prm. Alternatively, the propagation of the 1.06rpm radiation

could be attenuated along with that from all the unwanted transitions
1.0

by inserting a filter into the laser cavity.
R2

In the model, we impose the condition that both the mirrors have 0.8 VARIABLE

the spectral reflectivity profiles shown in Figure 5. A special filter- R1 1. 44 m
u0.6"

ing element could also inserted to attenuate all the undesirable wave- I AT
LU

lengths; however, it should allow maximum transmission at 1.44pm. 0. 4

Because of the relatively low gain of the 1.44 pm transition, strong R2

0. 2 _

optical pumping is required However, under these conditions, the

Inch higher gain of the 1.06 -' pm transition will deplete the inverted 0. g.9 . 1 ' . 1

population through amplified spontaneous emission. As a result, a WAVELENGTH (MICRONS)

large fraction of the pump energy will be wasted. For an input electrical Figure 5: Reflectivity of the front (R 2) and rear (RI) mirrors

pumping energy of 267 J, our model indicates that the reflectivity of
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tical considerations such as the flash lamp lifetime and pulse duration laser energy was computed using,

requirements in choosing the values of the pumping parameters. E h 44 Vdt (7)

For efficient Q-switched operation of the laser, a flash lamp that T1 .44

has a lifetime of 10e pulses with a pulse duration as short as 50jis is where I(t),=1.44 is the instantaneous laser photon density (cm- 3 at

desirable. To meet these requirements, the maximum electrical energy 1.44pm), r1 . 4 4 = In (R ) =1.44 /(2L/c) is the cavity decay time,

that can be supplied to the lamp is approximately 13 J/cm. If we hV1 .44 is the energy per photon at 1.44 pr and V is the volume of the

assume a typical standard Nd:YAG rod dimension of 0.6-cm diameter Nd:YAG rod. The peak output power is given by [5],

by 10 cm in length, the maximum electrical energy input into a linear P(144m) = Im(1.44pm) (8)
T1. 4 4

flash lamp would be 133 J. We further assume that only 1% of the elec-

trical input energy is converted into useful optical energy in pumping

the Nd 3 + ions from level 1 into level 4. Moreover, it is specified that 1 CLECTFAL KW ENMY 26. 1

the flash lamp pump pulse has a temporal profile of the form, /
E

P(t) =Pote (5) z

where P0 is the peak pump value (J cm- 3 s') and rp is the pump- 0

pulse duration. Furthermore, we assume that the pump-pulse ampli-
_Lth ol I o o . ,

tude falls off to 10- of the maximum amplitude at time t = rp and

MIRROR REFLECTIVTY

that all the electrical energy required is delivered within the pulse du-

ration rp; i.e.,

Sod (6)Figure 6: Laser output energy as a function of mirror reflectivityPores'dt = E 1  
(6)

Jo' V

where E, is the energy delivered by the flash lamp and V is the The computed results for the laser energy are shown in Figure 6 and

physical volume of the Nd:YAG rod. Note that the factor 5 in the the results for the peak power are shown in Figure 7. A maximum

exponential gives the correct "fall-off" of the pump amplitude to 0.1 laser energy of 720 mJ and a maximum peak power of 26 MW are

of the maximum value at time t = r,. predicted by the simulations. It is also ncted that there exists an

The switching function Q(t) in equation [2] provides the model with optimum value for the output mirror reflectivity that gives a maximum

the capability to simulate a Q-switched laser pulse. A Q-switched giant in both the output energy and the power. This will be discussed below.

laser pulse with high peak power at 1.44 pm is desirable in some of the It can be seen that the overall energy and peak power are smaller when

potenti&l applications. The Q-switch is assumed to open completely the flash lamp duration is lengthened from 50ps to 100ps. This is

within 100 ns. It is set to open at time t = Tp; that is, immediately after because the excited populations in both levels 3 and 4 have more time

the required optical energy has been deposited into the laser medium, to decay through spontaneous emission, resulting in a smaller inversion

Equations [1] and [2], which describe the lasing characteristics of [61.

the Nd:YAG laser, were solved numerically using standard numerical- The simulations indicate that the amount of laser energy extracted

integration techniques. A flash lamp input energy of 267 J has been is highly dependent on the mirror reflectivity. A low reflectivity im-

used (two lamps) and pump-pulse durations of 50ps and lOOps were plies a high cavity loss term in the laser photon-density rate equations.

investigated. The laser output energy and peak power at 1.44pm In this case the oscillation condition is only slightly above threshold

were computed as a function of the output mirror reflectivity. The and, therefore, only a small fraction of the inversion is converted into
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laser output energy to the input electrical energy, is approximately

0.5%.

As can be seen from Figures 10 and 11 as the pump energy in-

R050

° 5

o

/ o

0 O000o 0 10025 O l10050

laser photons. As the mirror reflectivity is increased, the cavity loss ia

reduced and the oscillation condition inside the cavity becomes more

favourable. Therefore, more of the inversion can be converted into tA ii iI >l:b
I 0

laser photons. The optimum coupling for extracting the laser energy R - .60

is determined by a balance between the laser photon density attained

inside the cavity and the coupling of the output mirror.

The tempoial profiles of the calculated laser pulses are shown in o4

Figure 8. They are plotted from the time the Q-switch starts to open. TO0 2

The results indicate that under the proper conditions, oscillation at 0
01000o 010025 0 1005

1.44 jim is possible with laser energies in the hundred millijoule range ,wE (s-- .... 1 0-3

and laser peak powers in the megawatt range. This operation can be
aFigure 8: Computed temporal characteristics of the output laser pulse

4 EXPERIMENTAL RESULTS

4.1 Linear Configuration

MIRRORH~aCFIVITER

It was found that centrolling the reflectivity of the mirrors was adr- eTlciv

01000 01020 100A0

1.44 microns
quate to suppress the stroo g transitions and allow the oscillation of the Nd:YG I/ -
1.44ro transition. This was demonstrated by setting up the laser in L D

BACK OUTPUTa simple linear configuration as shown in Figure 9. The alignment of MIRROR COUPIR

the mirrors was very critical and small misalignments would cause the

laser to oscillate on the 1.06po transition.

Under the proper conditions, more than J of energy was extracted

at 1.44 m. The laser energy as a function of the input electrical energy Figure 9: Linear laser configuration

for two different output coupler reflectivities (90% and 80%) is shown

in Figures 10 and 11 repetively. Laser effciency, the ratio of the
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INPUT ELECTRICAL ENERGY (J)

t igure 10: Output energy, linear configuration (90% coupler) Figure 12: Pulsed output monitoring arrangement

A series of oscilloscope traces of the results are shown in Figure 13.

120000 It can be seen that the 1.06pm transition is just on the threshold of

100000 lasing at 86 J of input pump energy. As the pump energy is increased,

the 1.06 pm signal increases. Thus, qualitatively, it is evident that the
80000

C-,

1.06pm transition is lasing at the expense of the 1.44jm transition
E4
Z 60000

, since the two transitions are competing for the same energy stored in

4o0 o- • the population inversion.

20000 A quantitative measurement has also been carried out. This was

000 __.....__._done by measuring the energy at 1.44 pm passing through the 1.06 pm

INPUT ELECTRICAL ENERGY (J) mirror and the 1.06 pm energy reflected from the mirror. The correla-

Figure 11: Output energy, linear configuration (80% coupler) tion between the two has been examined. Firstly, the total laser energy

creases, there appears to be a saturation effect in the ontput laser

energy at 1.44 pm. Further investigation has revealed that lasing of

the 1.06pAm transition is partly responsible for the apparent satura- ,

tion. It is observed that as the input energy is increased beyond 90J,

lasing at 1.06 pm begins to occur. ' ...... H-.-......H...H-H ................

Note that in figure 9, there is a 100% reflectance mirror at 1.06 Pm

in front of the energy detector. It serves as a blocking filter at 1.06 pm .... .............. ....

Thus the energy detector registers essentially only the radiation at

1.44pm. The lasing of the 1.06pm transition was observed quali-

tatively be monitoring the temporal signals of the 1.06pm and the Figure 13: Non Q-switched temporal laser pulses 20 ps/div,

1.44 pm lines. The experimental arrangement is shown in Figure 12. 1.06pm upper, 1.44pm lower
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is measured as a function of the inp!: pump energy. The results are 400 00

shown in Figure 14. Note that there is a slight saturation in the laser
- TOTAL

output at higher values of the pump energy. The laser output energy oo 00

at 1.44 pm is also shown in Figure 14 after having been corrected for -

Z200 00the mirror transmission losses. It can be seen that at low input pump W

energies, the total laser output detected and the output at 1.44pm are

10000

essentially the same (within 10 mJ). This indicates that there is virtu-

ally no energy output at 1.06opm. As the pump energy is increased a
0.00

00 501 50000 20000
noticeable difference occurs between the two energies. The increase in INPUT ELECTRICAL ENERGY (J)

the 1.44rpm output decreases as the competition from the transitions
Figure 15: Laser energy at 1.06 pr and 1.44 pm

at 1.06pm becomes stronger.

120000 TOTAL

1.44
100000 micron

" Nd.YAG ROD

5. 0000

E4 SF6 PRISM 70%

Z 60000 REFLECTOR

C.]
(n 400.00

20000 100% RE LECrOR

0.00 000 0 ......000O 50 00 10000O 150 SO 2000

INPUT ELECTRICAL ENERGY (J)

Figure 16: Q-switched experimental configuration
Figure 14: Laser output energy (total and at 1.44 pm)

diagram of this configuration is shown in Figure 16. The prism was
Measurements were also taken for the total laser energy (both

cut at Brewster's angle with respect to the 1.44 pm beam propagation
1.06p m and 1.44pm) as a function of the input electrical energy.

direction inside the laser cavity to minimize the reflection losses. A
The results of these measurements are shown in Figure 15. It can be

lithium niobate crystal was used as the Q-switching material. Since
seen that there is an initial linear increase in the output energy, but

this material is very susceptible to optical damage, care was taken to
as the input energy is increased above 86 J there is an increase in the

restrict the energy density within the laser cavity.

rate of output energy growth. The initial slope at lower pump energies

Output couplers of three different reflectivities have been tested
is a result of energy at 1.44pm only. At increased pumping energies,

(R = 70%, 75% and 80%). The output with the 70% coupler was con-
both the 1.44pm and the 1,06pm lines lase. This accounts for the

siderably less than that from the two others of higher reflectivity. This
change in the slope of the output curve.

means that the intensity inside the laser cavity would be less prone

4.2 Q-Switching Configuration to cause optical damage in the Q-switched mode. In particular, con-

To obtain Q-switching of the laser pulse, a prism was inserted into the sideration must be given to the occurrence of "hot spots" in the laser

laser cavity to act as a polarizing element. Moreover, it also served beam that could cause damage in the litium niobate material. It is ob-

to discriminate against the unwanted lasing transitions. A schematic vious that even a lower reflectivity output coupler would be desirable;
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however, a trade-off must be made between the laser efficiency and the

optical damage considerations.

With the insertion of a prism into the laser cavity, the laser becomes

tunable. The dispersion of the prism enables the laser to tune to

Table 2: Observed lasing transitions
A (p) Relative Intensity

1.06415 600
1.3187 150
1.3381
1.3572 213
1.4150 374
1.4444 325

various lasing transitions of the Nd:YAG by the rotation of the rear Figure 17: Temporal Q-switched laser output

mirror of the cavity. Six different lasing transitions have been observed;

they are tabulated in table 11. and shorter pulse durations can be obtained. Because of the concern of
theyaldamareo htabulatedoat maerinwetabletopeateth

It is interesting to note that the 1.415 pm transition lases as strongly optical damage to the lithium niobate material, we did not operate the

laser in the Q-switched mode with input pump energies greater thanas the one at 1.444pm (in the non Q-switched mode). It is also

to be noted that when the laser is tuned to the 1.44 pm transition, 80 J. Studies are now in progress to determine the optical damage

threshold of the lithium niobate crystal at 1.444 pm.
the 1.06prm output reaches threshold when the input pump energy is

about 100 3. This is not significantly different than in the linear case 5 CONCLUSION

described above. It is not presently understood why the prism does
It has been demonstrated that Q-switched and non Q-switched op-

not offer a better discrimination against the 1.06pr radiation.
eration of an Nd:YAG laser is feasible at an output wavelength of

To obtain Q-switching of the laser, the lithium niobate crystal was
1.444pm. The stimulated emission cross section at 1.44pm is not un-

inserted into the cavity and aligned along the direction of the 1.44pm
duly small and a relatively high laser energy can be extracted. The

beam. With the proper alignment, the insertion loss was minimal. We
eyesafe nature of the 1.4441pm radiation offers many potential applica-

noticed only about a 10-15 mJ reduction in the output energy with the
tions both in the military and in the civilian sectors; such applications

crystal in place. A A voltage was applied to the Q-switch to achieve a4
include rangefinding, surveying, telecommunications, laser radar and

900 rotation of the polarization. The output pulses were obtained by
medical applications. It could also be a potential source for locating

momentarily turning off the A voltage with a krytron. When the Q-
faults in sections of optical fibres that are tens of kilometers in length.

switch is aligned and the laser energy is maximized in the long-pulse
It could also be used for Raman amplification in fibre wavequides em-

mode, the Q-switched pulse energy is about 65-70% of that of the
ployed in communication systems. There is also a potential application

non Q-switched energy at all.pump energies investigated. The pulse
in interferometric fibre-optic gyroscopes where the shot noise limited

width of the output is relatively wide as can be seen in Figure 17. Q-
random drift can be further reduced using a 1.444pm source.

switched laser energies around 100 mJ and pulse widths of 85 ns have
With the accelerating pace in the development of diode pumped

been obtained with an input pump energy of 80 J. This corresponds
Nd:YAG technology, the 1.444 pm source stands a good chance of be-

to greater than 1 MW of peak power. We have operated the laser at
ing miniaturized. This would open up applications in space, such as a

repetition rates to 10 Hz at the 100 mJ output energy levwI with no
direct laser ccnmunication system, where eyesafety could be a major

noticeable degradation on the characteristics of the output Q-switched
concern. The use of nonlinear frequency shifting techniques, such as

laser pulse. There is no doubt that higher Q-switched laser energies
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frequency mixing and stimulated Raman scattering, would allow the

laser to be shifted to the 4pum region where there is presently a short-

age of laser sources operating in the 3 - 5pm atmospheric window.
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C02 LASER OSCILLATORS FOR LASER RADAR APPLICATIONS*

C. Freed
Massachusetts Institute of Technology

Lincoln Laboratory
244 Wood Street

Lexington, Massachusetts 02173

Abstract
This paper reviews the spectral purity, frequency stability and long-term stabilization of C02

isotope lasers developed at MIT Lincoln Laboratory. Extremely high spectral purity, and short-
term stability of less than 1.5 x 10-13 have been achieved and will be discussed. A brief descrip-
tion on using CO 2 isotope lasers as secondary frequency standards and in optical radar is given.
The design and output characteristics of a single frequency, TEMooq mode, variable pulse width,
hybrid TE CO 2 laser system is also described. The frequency chirp in the output has been
measured and almost completely eliminated by means of a novel technique.

Introduction

This paper will be given in two parts. The first and major portion of the paper will review the
spectral purity and frequency stability of a family of ultrastable C02 lasers that were developed and
have been in use at MIT Lincoln Laboratory for well over 20 years by now. These lasers have an
easily demountable and convertible modular design with cw output powers ranging between 1 and
50 watts.

The second part of the paper will describe the design and output characteristics of a single
frequency, TEMooq mode pulsed TE hybrid C02 laser system which does not have a gain
switched spike and whose output pulse-width is variable from about 5 to 70 jis with a peak power
output of about 5KW.

First and foremost, however, I want to express my deepest gratitude for the collaboration and
encouragement received from several colleagues and co-authors of mine in the MIT/Lincoln
Laboratory community who are listed in alphabetical order in the acknowledgement. The results to
be presented in this paper must be credited to a very large extent to the active participation of these
colleagues.

*This work was sponsored by the Defense Advanced Research Projects Agency of the Department
of Defense, the Department of Energy, the NASA Langley Research Center, and the Department of
the Navy under contract F19628-85-C-0002.
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Soectral Purity and Short-Term Stability

The theoretical linewidth of a laser above threshold was first derived by Schawlow and
Townes l as:

Af =anhf, o (k2
Po i (1)

where Af is the full width between half-power points of the laser output (FWHM) which should

have a Lorentzian lineshape if limited by quantum phase noise; (X, h, fo, Po, and Qc denote the
population inversion parameter, Planck's constant, the center frequency, power output and "cold"
cavity Q of the laser, resepectively.

In a well designed small C02 laser the "cold" cavity Q is given by:

QC- 21ELfo
cTr (2)

where L, c, Tr denote the cavity length, velocity of light and mirror transmission, respectively
(diffraction losses are usually negligible compared to output coupling loss). In a small CO 2 laser
with L = 50 cm, Tr = 5%, Qc is of the order of 107; thus for a typical power output of 1 to 10
Watts (which is easily obtainable with a small TEMooq mode C02 laser) the quantum phase noise
limited linewidth is less than 10-6 Hz.

In actual practice, however, so-called "technical" noise sources dominate2,3 over the quantum
phase noise limited Schawlow-Townes linewidth. Examples of technical noise sources are
acoustic and structure-born vibrations, power supply ripple and noise, etc. These can cause
frequency instabilities by perturbing the effective cavity resonance frequency via the sum of
fractional changes in the refractive index n and the cavity length L.

As an example, a change of only 10-3 Angstrom, about 1/1000 of the hydrogen atomic
diameter, in a 50cm long CO2 laser cavity will cause a frequency shift of approximately 6 Hz. A 6
Hz variation in the approximately 3 x 1013Hz frequency of C02 lasers corresponds to a fractional
instability of 2 x 10-13. A frequency stability at least as good as 2 x 10-13 is implied in Fig. 1,
which shows the real time power spectrum of the beat signal between two free running lasers,
designed and built at MIT Lincoln Laboratory. The frequency scale in Fig. 1 is 500 Hzlcm, indi-
cating that the optical frequencies of the two lasers producing the beat note were offset by less than
3 x 103Hz. The discrete modulation side-bands were primarily due to line frequency harmonics,
fan noise and slow drift; however, each spectral line was generally within the 10 Hz resolution
bandwidth of the spectrum analyzer. The measurement of the spectral width was limited to 10Hz
resolution by the 0.1s observation time set by instrumentation and not by the laser stability itself.
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Figure 2 shows another beat note of the same two lasers as in Figure 1 before, but with
increased acoustical background noise coupling to the lasers. The increased level of the resulting
spurious noise modulation sidebands is self-evident in Figure 2. The logarithmic display portion
of Figure 2 also shows a gaussian line shape envelope with a = 209Hz fitted to the beat note
spectrum. Also note, that the levels of the spurious modulation spectral lines fall more than 35db
below the carrier for frequencies more than about 1.2kHz removed from the beat frequency carrier.

The spectra shown in Figures 1 and 2 clearly imply that the masking effects of the spurious
modulation sidebands can be overcome by frequency and/or phase locking two stable CO2 lasers
with feedback loop bandwiths of only a few kHz.

Figure 3 shows the real time power spectrum of the beat note of two ultrastable CO 2 lasers
which were phase-locked with a fixed 10 MHz frequency offset between the two lasers and with
the unity-gain bandwidth of the servoamplifier set to about 1.2kHz. Note, that in Figure 3 the
horizontal scale is only 2 x 10-2Hz/division and the vertical scale is logarithmic, with 12.5
db/division. Figure 3 implies that the FWHM spectral width of the beat note was only about 9 x
10-6Hz. It took 26.67 minutes of measurement time to obtain just a single scan with the frequency
resolution of Figure 3. Since tracking even by a very good servo system would still be limited by
quantum phase noise, the narrow linewidth in Figure 3 is an indirect, but clear confirmation of the
high spectral purity of CO 2 lasers, as was predicted by the Schawlow-Townes formula.

Laser stabilities are most conveniently measured by heterodyning two lasers, as shown in
Figures 1, 2, and 3. However, the results are not altogether foolproof because the disturbances
causing frequency jitter of the lasers may be at least partially correlated. In an optical radar one
may compare the laser with its own output delayed by the round trip time to and from the target.
Hence, effects due to disturbances with correlation times less than the round trip time of the
transmitted signal will be included in the measured beat note spectrum.

Figure 4 shows a greatly simplified block diagram of a 10.6.tn laser radar at the MIT Lincoln
Laboratory Firepond Facility4 ,5 in Westford, Massachusetts. In Figure 4 wavy and solid lines
denote optical and electrical signal paths, respectively. The 0.5 meter local and the 1.5 meter
power oscillators were designed and constructed at Lincoln Laboratory2 ,6 . The higher power
oscillator was phase-locked to the local oscillator with a fixed 10MHz frequency offset between the
two lasers.

The frequency stability of the CO2 laser radar facility at Firepond was verified from observa-
tions on GEOS-III, a NASA geodetic satellite equipped with an IRTRAN II solid cube corner
retro-reflector. Radar returns from GEOS-II have been used to determine the radial velocity of the
satcllite using Doppler measurements, and to set an upper bound to the laser oscillator instability 7.
During these measurements the satellite range was 1063km, which corresponds to a round-trip
signal travel time of 7.09 milliseconds (ms). During these measurements the constant frequency,
amplified CO2 laser output signal was chopped by means of a duplexer so that a 25% duty cycle
pulse train consisting of 4ms duration pulses l6ms apart was transmitted to the orbiting satellite.
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The spectra that result from a radio frequency (R.F.) test signal of 4 ms duration processed in
the same manner as the optical radar data are shown in Figure 5. In Figure 5, the horizontal rows
simulate logarithmic displays of the power spectra of a consecutive sequence of radar return
signals; this type of display is the Doppler-time-intensity (DTI) plot in radar terminology. The
sinc 2 function shape of the spectra due to the 4 ms pulse duration is quite evident. The average
spectral width 10db below the peak is 383Hz, and the standard deviation of the spectral width is
5Hz.

Figure 6 shows the DTI plo of the actual C02 radar signal return from GEOS-III at a 1063km
range. Notice the striking similarity to the simulated DTI plot in Figure 5, which was obtained
from a high quality frequency synthesizer (that was also part of the radar receiver). A comparison
of Figures 5 and 6 shows that the -10 db average spectral width of the radar return signal
broadened from 383 to 399Hz and the standard deviation of this spectral width increased from 5 to
18.5Hz. These figures thus indicate that the short-term stability of the entire C02 radar system,
including round trip propagation effects caused by fluctuations in the atmosphere, was better than
1.5 x 10-13 for the 7.09ms roundtrip duration.

Figure 6 also shows that he standard deviation of pulse-to-pulse centroid jitter of the spectra
was 117Hz during the test run. No effort was made to line-center stabilize either one of the lasers
since the longterm stability of the free-running laser was more than adeq, -ate for typical optical
radar applications.

Laser Design

Figure 7 illustrates the most basic CO2 laser structure developed at MIT Lincoln Laboratory2 ,6

more than twenty years ago. In order to achieve maximum open loop stability, a very rigid optical
cavity design was chosen, which utilized stable materials. Four thermally, magnetically, and
acoustically shielded low expansion superinvar rods define the mirror spacing of the optical cavity.
The mirrors are internal to the vacuum envelope, and are rigidly attached to the composite granite
and stainless steel mirror holders bolted to the four invar rods. In spite of the rigid structure, the
laser design is entirely modular, and can be rapidly disassembled and reassembled; mirrors may be
interchanged, and mirror holders can be replaced by piezoelectric and grating controlled tuners. It
should be noted that the philosophy and many other aspects of the stable C02 laser design may be
easily traced back to the original He-Ne laser design of A. Javan.

Figure 8 shows a 1.5 m piezoelectrically tunable laser which is phase-locked with a 10 MHz
frequency offset to a 0.5 m local oscillator reference in the coherent CO2 radar at the Firepond
facility of Lincoln Laboratory.

Figure 9 illustrates a grating controlled, stable, TEMoo q mode laser. Many variants of these
basic designs exist both at Lincoln Laboratory and elsewhere. This particular unit was built for
high power applications, such as optical pumping and frequency shifting. The first order reflection
of the grating was coupled through a partially reflecting output mirror. For heterodyne spec-
troscopy, zero-order output coupling is preferable. Some of the lasers also have short internal
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absorption cells, which may be utilized either for frequency stabilization or for very stable high
repetition rate passive Q-switching.

Long-Term. Line-Center Stabilization of CO2 Lasers

The width of the Doppler broadened gain profile of a CO 2 laser is about 53MHz. Thus the
C02 lasers may operate anywhere up to at least tens of MHz away from the center frequency of the
oscillating transition. In many applications it is therefore desirable to find a narrow reference line
within the operating frequency range of the laser and lock to this reference. In 1970 we have
demonstrated 8 ,9 at MIT Lincoln Laboratory that, by using a small low pressure room temperature
CO2 reference stabilizing cell, the standing wave saturation effect in the CO2 reference cell can be
detected by observing the change in the intensity of the 4.3gm spontaneous fluorescence emission
over the entire (001) - (000) transition band as the laser frequency is tuned across the Doppler
profile of the corresponding 10gm absorption line. The change in the spontaneous fluorescence
emanating from the entire band is due to the fact that radiation-induced change in the population of
an individual rotational level is accompanied by a change in the populations of all rotational levels
of the same vibrational state; this is caused by the coupling among the rotational levels, which
tends to maintain a thermal population distribution. Figure 10 graphically illustrates11 ,12 the exper-
imental arrangement in which low pressure, room temperature CO2 , serving as the saturable
absorber, is subjected to the standing wave laser field generated in a stabilizing cell placed either
internal or external to the laser cavity, with the laser oscillating in any preselected (0001) regular or
(0111) hot band transition In the vicinity of the absorption line center a resonant change in the
4.3gim fluorescence signal appears which is analogous to a Lamb-dip.

Figure 11 shows the block-diagram of a two-channel heterodyne calibration system' 0 , 11,12 in
which two low pressure, room temperature CO2 gas cells external to the lasers were used to line-
center stabilize two grating controlled stable lasers filled sequentially with 9 different CO2 isotopic
species.

Figure 12 illustrates the time domain frequency stability that has been routinely achieved with
the two-channel heterodyne calibration system using the 4.3gm fluorescence stabilization tech-
nique. 12 The open and filled circles represent two separate measurement sequences for the Allan
Variance of the frequency stability.

M
Gy (T)=-' 7, (Yj+I -Yj?

j=1  (4)

Each measurement consisted of M=50 consecutive samples for a sample time duration
(observation time) of 't seconds. Figure 15 shows that ay < 2 x 10-12 has been achieved for
"t=10s, which means that a frequency measurement precision of about 50Hz may be readily
achieved within a few minutes.
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The triangular symbols in Figure 12 represent the frequency stability of a Hewlett-Packard
(HP) model 5061 cesium atomic frequency standard as specified in the 1987 HP catalogue.
Clearly, the frequency stabilities of the CO 2 and the cesium stabilized systems shown in Figure 12
are about the same.

The upper bound short-term stabilities, as measured in the laboratory (see Fig. 1) and deter-
mined from CO 2 radar returns at the MIT Lincoln Laboratory Firepond facility (see Fig. 6) are also
indicated by the two crossed circle symbols in the lower left corner of Figure 12. It is quite
obvious that a least two to three orders of magnitude better short-term stabilities have been
achieved in the CO2 radar compared to Microwave Systems.

.. Q2 Isotone Lasers

In C02 molecular lasers transitions occur between two vibrational states. Since each vibra-
tional state has a whole set of rotational levels, a very large number of laser lines, each with a
different frequency (wavelength) can be generated. Moreover, isotopic substitution of the oxygen
and /or carbon atoms make 18 different isotopic combinations possible for the C02 molecule.
Approximately 80 to 150 regular band lasing transitions may be generated for each of the C02
isotopic species. By using optical heterodyne techniques, the beat frequencies between laser
transitions of individually line-center stabilized isotopic C02 laser pairs were accurately measured.
As a result, the absolute frequencies, vacuum wavenumbers, band centers, and ro-vibrational
constants for 12C 160 2 , 13 C16 02, 13C1 8 0 2 , 12 C18 0 2 , 1201702, 16 0 12 C1 8 0, 16 01 3C1 80,
14C16 02, and 14C1802, have been simultaneously calculated from well over 900 beat frequency
measurements. 13 The accuracies of these frequency determinations are, for the majority of the
transitions, within about 5 kHz relative to the primary Cs frequency standard. Consequently, in
the 8.9-12.3 .m wavelength region line-center stabilized CO2 isotope lasers can be conveniently
used as secondary frequency standards. One can also utilize difference frequencies and harmonics
of C02 lasing transitions to synthesize precisely known reference lines well beyond the 8.9-12.3
gm range. Figure 13 graphically illustrates the frequency and wavelength domain of the nine C02
isotopic species which were measured to date. 14 C160 2 extends the wavelength range to well
beyond 12g.m, while 12C1 80 2 transitions reach below 9gm.

In C02 radar applications the existence in the ambient atmosphere of approximately .03% (by
volume) of the most abundant 12C16 02 isotope will cause severe absorption in long range narrow-
band C02 radar. In wideband CO2 radar the problem is made even worse because of frequency
dispersion by the absorption line shape. 14 The use of rare C02 isotopic species can virtually
eliminate both problems. Both NASA and ESA (European Space Agency) are also planning on the
use of 12 C18 02 in wind velocity mapping C02 radars because of the higher backscatter at the
shorter wavelengths where 12C 1802 lasers are more powerful compared to 12C160 2, in addition to
having smaller absorption under normal atmospheric conditions.
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Design and Output Characterization of a Pulsed CO,
Hybrid TE Laser System

The CO2 MOPA laser radar at the Firepond facility of MIT/Lincoln Laboratory has achieved
unsurpassed spectral purity and short-term stability, as described before; however, it is a very large
installation. There are many applications where a more compact system is needed and the utmost
spectral purity is not really necessary, such as in pulsed radars for instance. This paper will next
discuss a technique of obtaining a long-pulse, moderately high power laser transmitter with a
potentially high temporal coherence. The principle of operation is based on the chirp cancelling
capability of an acousto-optic modulator placed external to a TE hybrid iaser oscillator.

The new C02 laser is basically a small MOPA system. 15 It is capable of delivering smooth,
TEMqoo mode pulses of variable widths from about 5.ts to about 70s duration. The available
output energy is about 230mJ in a 35gs nearly flat-top pulse.

The optical layout of the system is shown schematically in Figure 14. The hybrid TE C02
laser consists of an intracavity cw discharge gain cell in series with a pulsed discharge low
pressure gain cell. Beam forming optics are used to change the beam spot size to various diameters
along the optical path, 3mm 1/e2 diameter at the A-O cells and to about 2 cm 1/e2 diameter at the
pulsed laser amplifier. For heterodyne measurements, the beams are combined in front of a
10MHz bandwidth detector near the laser local oscillator. Figure 15 is a photograph of the optical
layout showing various optical components just as they are positioned in Figure 14.

Figure 16 shows a close-up view of the hybrid TE C02 laser oscillator itself. The optical
resonator and cw discharge tube structures are based on the stable cw laser design shown previ-
ously in Figures 7, 8 and 9. The pulsed gain cell within the stable laser cavity and the pulsed
amplifier following the beam expander are variants of the dual LP-30 and LP-140 lasers respec-
tively which are commercially available from Pulse Systems, Inc. in Los Alan- s, N.M.

The main components of the CO2 laser MOPA and chirp measurement system are shown in
block diagram form in Figure 17. The low-pressure hybrid TE CO2 laser produces a smooth
single TEMqoo mode, 80mJ pulsed output with a pulse width of about 70gs (FWHM). The
output beam temporal profile is shaped by passing the beam through two acousto-optic (A-0) cells
operating in series in a frequency up-shift and down-shift mode. The pulse slicing is produced in
the first A-O cell by applying a 35gs 40MHz 30W peak power RF pulse to the A-O cell about

17.5ps before the peak of the 704s optical output pulse of the hybrid TE laser oscillator. The input
to the RF amplifier driving the second A-O cell may be connected to either a 40MHz cw oscillator
or to a HP8770A RF waveform generator. With the fixed frequency 40MHz input, the second A-
O cell will simply shift the CO2 laser output frequency back to the CO2 line center and enable us to
measure the laser frequency chirp generated during the pulsed excitation. This frequency chirp
may be almost completely cancelled by applying an appropriate chirped RF waveform to the
second A-O cell using the HP8770A waveform generator in the switch position as shown in the
upper right hand corner of Figure 17. A low-pressure pulsed C02 laser amplifier, a modified
version of the standard Model LP-140 made by Pulse Systems Inc., is used to amplify the pulse
energy to about 0.251. The system has operated at a pulse repetition frequency of 5Hz for millions
of shots without any problem.
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Figure 18 shows the superimposed pulse energy outputs of 50 consecutive laser pulses. The
pulse energy repeatability is estimated to be about ±5%. Figure 19 shows the pulse output after the
hybrid TE laser pulse is chopped by the first A-O cell and is amplified by the pulsed laser ampli-
fier. The pulse is nearly rectangular in shape with very short rise and fall times, determined by the
acoustic transit time in the A-O cell for the 3mm diameter optical beam. A more rectangular shape
could be obtained by optimizing the pulse shape of the RF drive to the first A-O cell relative to the
rectangular shape used for obtaining the pulse shape shown in Figure 19. By varying the pulse
width of the 40MHz RF drive applied to the first A-O cell, the output laser pulse width can be
varied easily from a few microseconds to about 70 ts. This is very useful in some applications and
is a unique feature of the present laser system.

The spatial profile of the optical beam at the laser amplifier output was recorded by a 32 x 32
pyroelectric detector array. The output beam profiles are shown in Figures 20 and 21 in isometric
view and in a plane containing the optical axis of the Gaussian beam respectively; it can be seen
that the beam profile is essentially Gaussian in shape. The small irregularities are caused by noise
pickup and some minor beam distortion in going through the amplifier.

Chira Measurements

The chirp in the output of the hybrid laser and the overall chirp in the output of the laser
amplifier were measured by using a heterodyne method. The heterodyne measurement setup was
previously shown schematically in the lower half of Figure 17. For the 10MHz HgCdTe photo-
conductive detector, about 3-4mW of LO power was used. The pulsed laser peak power was
attenuated sufficiently using several plates of CaF2 until the beat frequency display on the oscillo-
scope appeared like a burst of a sinusoidal wave.

Figure 22 shows the beat frcquency between the laser local oscillator (LO) and the pulsed laser
as a function of time over a 35pts interval. The zero beat was adjusted to occur at the beginning of
the pulse. The chirp shown in Figure 22 is an upchirp, approximately linear over the 35.s
interval. The frequency deviation of the chirp is about 2MHz. The 35g.s pulse width is a part of
the FWHM 70.s laser pulse of the laser oscillator. We have also recorded the output of the pulsed
laser alone without the beam slicer operating. Figure 23 is a scan of the chirp frequency vs. time
for an unsliced pulse. The cw LO laser frequency was deliberately set far below the pulsed laser
frequency so that there is no foldover of the beat frequency. Note that at the beginning of the
pulse, there is a short downchirp. The chirp frequency first decreases and then reverses upward.
It moves up exponentially at first and then becomes nearly linear out to more than 80pts, where it
finally flattens out. The overall chirp range is about 4.5MHz. Qualitatively, this kind of chirp
variation is typical of previous observations on TEA C02 lasers. 16 The chirp has been found to be
caused by the combined effects of the laser induced medium perturbation or LIMP for short, 16 and
heating of the pulse-excited gas mixture.
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Chirp Cancellation Scheme and Measurement Results

Intrapulse chirps such as those shown in Figures 22 and 23 are undesirable in many laser
radar applications. A number of techniques have been utilized to design laser cavities with much
lower energy per unit volume in order to minimize the effect of LIMP. Cavity cross sections have
been enlarged by using an intracavity telescopic lens 17 or a special Gaussian-profiled output
coupler configuration. 18 The use of active techniques for correcting or cancelling the chirp have
also been suggested'9,20 and attempted. 19,20

The chirp cancellation method described in this paper is based on the fact that an appropriate
compensating chirp can be subtracted from the existing chirp in the laser beam by means of either
an electro-optic or an acousto-optic cell placed into the beam path following the laser output.
Maximum cancellation is achieved if the magnitude and phase are equal and opposite to those of the
laser beam chirp, respectively. The chirp cancellation method can be understood by referring to the
schematic diagram of Figure 17. A waveform generator is used, instead of the 40MHz fixed
frequency cw oscillator, to produce a linear upchirp of 30pts duration with a frequency excursion
from 39 to 41MHz. This waveform is applied to the input of a 25W RF amplifier which in turn
drives the second A-O cell. The chirp in the laser output is measured by sending the heterodyne
signal from the detector to the time and frequency analyzer which is capable of measuring the
instantaneous frequency from dc to 500MHz. With just a cw RF input to the A-O cell, we
obtained the chirp of the laser itself, shown by the upper trace (solid line) in Figure 24, which has
a total frequency excursion of about 2.2MHz for the 301gs pulse duration (in this measurement, we
only used the output of the hybrid TE laser, since we found that the low pressure laser power
amplifier introduced only a very small chirp). By switching to the chirp correcting waveform
shown by the dashed-line lower trace in Figure 24, we obtained the residual chirp shown in
Figure 25 which has a frequency excursion of 320kHz, which corresponds to only about ±7% of
the original chirp in the laser. We believe that this is the first time that this kind of chirp cancella-
tion has been successfully demonstrated.

A similar type of chirp cancellation was frst attempted with reasonable success by Willetts and
Harris, who utilized an intracavity E-O modulator using peak dc voltages as high as 5 kV. 19 The
correction scheme described in this paper was performed with an A-O modulator that is external to
the laser cavity; we believe that this kind of compensation may have a higher degree of thermal and
mechanical stability. Furthermore, the pulse durations were much longer than those previously
attempted and the use of acousto-optic devices require only low voltages for operation. In an
acousto-optic modulator, the output beam direction changes as the input drive frequency is varied.
However, the angular deviation turns out to be negligibly small for the present case (- +0.5mrad).

Summary and Conclusions

A chirp cancellation scheme has been carried out using an acousto-optic modulator.
Preliminary results demonstrated a chirp reduction of about 90%. Higher degree of cancellation
would have been possible had we tailored the chirp of the correcting waveform somewhat closer to
the chirp generated in the laser. We believe that this type of chirp cancellation could be further

518



improved by improving the laser design and through rapid sampling of and correct;- obr the
residual laser chirp itself.

C02 lasers have demonstrated greater spectral purity and better short term stability than any
other oscillator at any frequency. These results were confirmed by laboratory m;asurements and
also deduced from analysis of CO2 radar returns from orbiting satellites. A long-term stabilization
technique, using low pressure room temperature C02 gas as a reference, was also developed so
that long-term CO 2 laser stabilities at least comparable to commercial grade atomic clocks have
been achieved. By using a line-center stabilized, two-channel C02 laser heterodyne system, the
absolute frequencies of lasing transitions and the ro-vibrational constants of nine C02 isotopic
species were determined to within about 5kHz relative to the primary cesium frequency standard.
These results allow the C02 system to be used as a secondary frequency standard in the infrared
spectrum. Furthermore, the results described in this paper were achieved with laser designs and
components which were, for the most part, developed more than 20 years ago. Extensive experi-
ence gained by working with these lasers clearly indicates that at least one to two orders of magni-
tude improvements of both short-term and long-term stabilities should be readily achievable with
improved designs.
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Fig. 7. Basic stable laser structure Fig. 8. Offset-locked lasers in the coherent
developed at MIT/Lincoln C02 radar at the Firepond Facility.
Laboratory.
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PULSED CO 2 LASER, CHIRP CANCELLATION AND
CHIRP MEASUREMENT
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Fig. 17. Pulsed C02 laser, chirp cancel- Fig. 19. Temporal profile of laser pulse

lation and chirp measurement after amplification by pulsed
setup. laser amplifier.

Fig. 20. Isometric view of spatial profile
of laser pulse at the output of the
pulsed laser amplifier.

20 m

Fig. 18. Superimposed pulsed energy
readouts of 50 consecutive laser
pulses at output of hybrid TE
laser.

Fig. 21. One-dimensional beam profile
obtained by a plane cut through
the optical axis of the beam (solid
curve); dotted curve is a fit using
a Gaussian intensity distribution.
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Excimer Lasers and LIDAR

Robert C. Sze
Los Alamos National Laboratory

M.S. E543, Group CLS-5

Los Alamos, New Mexico 87501

Abstract

Excimer lasers used in LIDAR applications have a number of benefits over lasers at
other wavelengths. Among these is that the signal wavelengths can be in the solar blind
region permitting comparable signal to noise ratios for both day and night time detection.
We give a specific example for the most common use of an excimer laser in LIDAR, that of
inducing fluorescence or Raman scattering in species of interest. We will then discuss
some recent laser developments including multi-wavelength, long-pulse, and ultra short-
pulse lasing, and show how they maybe used for atmospheric and hydrographic LIDAR
applications.

Introduction

The availability of powerful ultraviolet sources using excimer lasers introduces
unique possibilities for LIDAR because the photons are energetic enough to induce
fluorescence or Raman scattering in nearly all materials and because these induced signals
from materials of interest may lie deep enough in the ultraviolet to be in the solar blind
region of the spectrum (230-300 nm). With the LIDAR return signal in the solar blind
region we can do both day and night time detection with equivalent signal to noise ratios.
Thus, it appears possible to use a single laser source to interrogate many different
species. Such a system is, however, limited by the induced fluorescence and Raman
scattering cross-sections which can be many orders of magnitude less than resonance
scattering processes that require wavelength specific sources. Table 1 gives the cross-
section ranges of a number of LIDAR processes. We see that laser induced fluorescence
usually has fairly large cross-sections, but non-resonant Raman scattering is over seven

Table 1. LIDAR techniques and their appropriate
cross-sections (d-/dL)

Process (do-/dl)[cm 2.sr]

Mie Scattering 10-8-10
- 9

Atomic Fluorescence 10-1410
- 1 5

Differential Absorption -18 24

and Scattering (DAS) 10 -1

Molecular Fluorescence 10-20_10
- 2 1

Rayleigh Scattering 10-25_ 10
- 26

Raman Scattering 10-
2 8 10 - 3 0

orders of magnitude lower. These techniques, nonetheless, can compare favorably with
resonance processes such as resonance-induced atomic fluorescence and differential
absorption and scattering LIDAR techniques. This is because signal-to-noise ratios can be
improved by frequency filtering for laser-induced fluorescence or Raman scattering return
LIDAR signals whose wavelengths are far away from the laser wavelength but is not possible
for resonance LIDAR processes whose wavelengths are at the same wavelength as the laser
wavelength. The unwanted scattering noise at the laser wavelengths can be very large due
to signals coming from elastic scattering of other atmospheric constituents (Mies and
Rayleigh scattering).

In this presentation we will give an example of a LIDAR application using Raman
backscattering. We will then present some recent laser developments at Los Alamos which
may be helpful in certain atmospheric and hydrographic LIDAR applications.
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Example of Raman Scattering LIDAR

Due to the small cross-section for Raman Scattering, LIDAR using this technique is
limited to the detection of molecular species of interest at a few parts per million.
Thus, Raman scattering has limited utility in pollution monitoring when detectivity of
parts per billion are required.

Evapotransiration plays an idportant role in global climate change. We give an
example here of the measurement of water vapor content over vegetation canopy to
illustrate the technique involved. These data are presented here courtesy of Robert Karl
at the Los Alamos National Laboratory. The details of this work are presented in Ref.[l].
A broad-band one joule per pulse KrF laser at 248 nm wavelength is used as the exciting
source. The backscattered Raman signals from H 0 at 273 nm and N2 at 263 nm are measured
and the H 20 concentrattion is calculated according to the formula,

[H2O]R = [N 2 ]R x ("H20/'N2) x (P(XH20,R)/P(XN 2,R) x K

where [N2]R = nitrogen number density for all R determined by a single measurement of
atmospheric pressure and temperature assuming standard nitrogen atmospheric abundance, R =
range along the laserfl = the Raman backscatter cross-sections, P(X ,R) = optical power
received, X = Raman scattered wavelength with x = H2 0 and N2 , and K = the product of
telescope transmission, reflectance and detector sensitivity factors. The normalization
with respect to nitrogen should be done whenever possible to eliminate corrections in
signal fluctuations caused by laser power variations, atmospheric transmission changes as
a function of range, and the change in telescope-to-laser-beam overlap along the sampled

10-

A'~

Figure 1. WMR plotted as a function of time
and range over cotton canopy.

path length. In Fig. 1 water concentration is converted to a water mixing ratio (WMR)
defined as the grams of water vapor in kilograms of air and plotted as a function of time
and range down field over an area covered by cotton plants. These LIDAR data agree very
well with data obtained from point source measurements at Bowen Ratio Energy Balance
stations (BREB). Note that one can monitor the evapotranspiration over large areas. One
can see that after twelve hours the water vapor over the cotton field has decreased to
very low levels and the plants are becoming dangerously stressed due to lack of watering.

Two Wavelength Excimer Laser Operation

Recent work at Los Alamos dealing with two wavelength lasers serving as a2 seed input
into the Aurora Fusion Laser system to generate broadband lasing at the target may find
useful applications in LIDAR. Figure 2 shows laser output from the oscillator (a) and
through an amplifier (b) and at ten times the signal scale (c) of (b) to show the
beginning of contributions at line center from amrlified spontaneous emission (ASE). The
etalon has 90 % reflectivity mirrors with 203 cm- separation. After one pass through an
amplifier the energy level in the two lasing lines are at 55 mJ per pulse. This is at an
energy level that should be useful for LIDAR. We believe with some care, such as proper
beam expansion, a few hundred millijoules per pulse can be easily achieved in an amplifier
that nominally delivers one joule per pulse as an oscillator.
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Figure 2. Two frequency lasing with 90%R etalon in KrF
at 248 nm (a) oscillator output, (b) through amplifier,
and (c) amplifier signal magnified by factor of 10.

The ability to tune the two modes about line center is minimal because as soon as one
mode sees a much higher gain it has a tendency to dominate. This effect is much more
severe when the separation between the two lasing modes is small. Thus, in order to place
one of the modes on an absorption feature for resonance fluorescence or differential
absorption LIDAR it is best to tune by changing the etalon spacing. If the absorption
should be near line center this two wavelengt approach would not work. When the lasing
wavelength separation is greater than 100 cm- , the two wavelengths are easily separated
by a 1/2-meter spectrometer. A specific possibility of using this technique is the
detection of [OH] radical using absorptions at the XeCl (308 nm region) or XeBr (282 nm
region) excimer laser transitions. Of course, in the case of XeCl where the gain bandwidth
is not completely homogeneously broadened, more than two lasing lines may appear and one
must take proper precautions.

Compact long-pulse and ultra-short pulse excimer lasers.

Long-pulse excimer lasers can be useful when narrow-band lasers are required with
very little laser superfluorescence background. The depth resolution is, of course,
limited by the pulse length. A possible application is in atmospheric temperature
measurements where one remotely sense the induced rotational Raman back-scattering lines
from nitrogen. Compact lasers of this type are now available using the inductive
stabilization technique and operating in the 100 mJ energy regioi for XeCl, KrF and XeF.
Figure 3 gives the temporal pulse shape of such a device in XeCl and Fig. 4 is a laser
burn spot on Krylox paper showing the lasing cross-section and lasing uniformity. Note
that with the inductive stabilization technique any aspect ratio is possible. Fig. 4 gives
a laser where the aspect ratio is approximately one to one.

There are many LIDAR applications where depth resolution is unimportant and long
pulse lasers of any duration can be used. A particular example is in the hydrographic area
where excimer lasers are used to identify the type and thickness of oil spills. The
technique uses an excimer laser to excite fluorescence from the oil film. The fluorescence
spectrum for many of hhe different fuels have different identifiable spectra peaking at
different wavelengths . For some crude oil spills that h~ve similar spectra the
differences in their fluorescence lifetimes are measured in order to properly identify
the species. The lifetimes range from I to 10 ns and are presently deconvoluted from the
15-20 ns exciting excimer laser pulse. At Los Alamos we have generated very short pulses
through acousto-optic mode locking of a small long-pulse laser oscillator. The technique
only adds a few centimeters to the oscillator cavity length and will greatly facilitate
these lifetimes measurements. The mode-locked pulse train is sent through a Pockels cell
to select out one pulse which is subsequently sent through an amplifier (which nominally
gives one joule per pulse as an oscillator). Figure 5 gives the mode-locked pulse train
from the oscillator. The pulse becomes increasingly narrower as a function of the
increasing number of round-trips in the cavity, and reaches a minimum some 40 ns into the
long-pu sed discharge excitation as shown in Fig. 6 . In work done by Shay, Sze and
Maloney one pulse is picked off and amplified. The picked-off pulse is shown in Fig. 7
and the total output pulse energy obtained 2as a function of the input pulse energy is
shown in Fig. 8. We see that over 37 mJ/cm is obtained after amplification of a 120 ps
FWHM input pulse. The thickness of the oil film is calculated by comparing the water
Raman signal with and without the oil film and by knowing the oil attenuation coefficient.
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Figure 7. A picked-off single mode- Figure 8. Experimental set-up for the
locked pulse. short pulse amplification experiment.

Thus, a long-pulse excimer laser system with the short-pulse gererating scheme described
above would be an ideal compact system to do all the v-surements for this hydrographic
application.
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Discussion

We have tried to show in this discussion the wide applicability of excimer lasers to
LIDAR and have presented certain specific new features of compact excimer laser systems
that may be specially relevant to specific applications. As the problems of the
environment become evermore important in the consciousness of the public at large, the
remote sensing of the quality of our atmosphere and our waters, as well as the monitoring
of important parameters which affect global climate change will become evermore needed. We
believe excimer laser systems will have an important role to play in this effort.
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Abstract

A recent development in solid state pulsed lasers is the alexandrite laser, built by the
Allied - Signal Corporation of Westlake Village, California. The laser uses a flashlamp
pumpcd alexandrite crystal for the lasing medium and produces radiation between 0.750 and

0.760 micron wavelengths. The U.S. Army Missile Command (MICOM) recently acquired two of
these lasers and conducted characterization and operational performance evaluations. In-
cluded in the characterization/evaluation are such parameters as output energy, efficiency,
beam profile, temporal pulse shape, pulse width, divergence, linewidth, ASE/laser intensity
ratios, and lasing wavelength and stability. Statistical methods were used as a basic
analysis approach for some of the data. System performance and reliability were also
observed. This paper presents the results of that evaluation.

Introduction

The Alexandrite laser is a flashlamp pumped, solid state laser which uses an alexandrite
crystal rod as the lasing medium and produces energy at 750-760 nanometer (nominally) wave-
length. This wavelength is just on the fringe of the visible spectrum extending into the
near infrared. When viewed as a diffuse reflection the radiation appears as a deep red
color. The Alexandrite material is chromium doped BeAI20 4 (Chrysoberyl) and is manufac-
tured by the Allied/Signal Corporation of Westlake Village, California. The active lasing
medium in the Alexandrite material is the Chromium Ion (Cr+++).

The Alexandrite laser is a more recent development than other solid state lasers such as
Ruby or Neodymium Yag and thus the open literature is much more limited. The U.S. Army
Missile Command, Research, Development, and Engineering Center (RD&EC), Directed Energy
Directorate (DED), recently acquired two repetitively pulsed Alexandrite lasers, both built
by Allied/Signal, for use in in-house test activities. The two lasers are referred to as
the Mallet and the Compact lasers. This paper describes the characterization and engineer-
ing evaluation of these two lasers. Included in the characterization/evaluation are such
parameters as energy output, efficiency, beam profile, temporal pulse shape, pulse width,
divergence, linewidth, ASE/laser intensity ratios, lasing wavelength and stability, and
other observations made during the course of this effort.

Laser Description

The Mallet laser is a repetitively pulsed alexandrite device designed to operate in a
long pulse mode with an approximately 80 microsecond (Psec) pulse length (350 psec with
additional capacitor bank) at different pulse repetition frequencies (PRF). Emitted energy
levels per pulse were up to 6 Joules (350 psec) at 1 Hz and 1 Joule at 6 Hz. The laser
also has an optional Q-switch capability.

The Mallet alexandrite rod is 0.7 cm x 10 cm. An aperture of approximately 0.65 cm
included in the cavity serves as the limiting aperture. In some of these tests a beam
expander/collimator was used to expand the laser aperture by a factor of approximately

12 to 1.

The resonator consists of two elliptically coupled flashlamps, the laser rod, a porro
prism for 100% reflection, and a slightly concave output coupler of approximately 50%
transmission (Fig. la). The porro prism, a single axis corner cube, is used for ease of
alignment and physical stability of the resonator. However, it introduces unusual mode
patterns onto the beam. The near field is essentially top hat in a horizontal direction
and has two modes in the vertical direction (Fig. lb). The line of zero intensity that
divides them corresponds to the vertex of the porro prism. This pattern can be explained
by realizing that the resonator is optically equivalent to one consisting of two half
cylindrical rods with an output coupler on each end, and correspondingly two output beams
propagating in opposite directions (Fig. 1c). The porro prism folds the resonator back
on itself and places the two beams adjacent and parallel to each other (Fig. ld). They
are, however, two separate and distinct beams and are not coherent with respect to each
other. In the far field, the two beams overlap and give rise to an intensity profile which
is Gaussian-like in form but several times wider than the diffraction-limited beam from an
equivalent aperture.
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The laser was operated with two different partial reflectors as the output coupler. The
earlier testing utilized a 50% reflector which was later changed to an 80% reflector. The
only data taken with the higher reflectance mirror were the spectral and efficiency deter-
minations.

The natural birefringence of the alexandrite crystal forces a horizontal linear polar-
ization state on the beam. The output window of the laser head is at Brewster's angle
and thus introduces no losses.

The laser control contains a vertical light emitting diode (LED) display indicating
output energy based on energy samples taken by a photodiode located near the laser exit
aperture. The amount of emitted laser energy is controlled by varying the voltage to the
flashlamps. The manufacturer states that in the long pulse configuration mode, operating
at 1 Hz, an emitted energy of approximately 1 Joule corresponded to a 60 reading on the
LED meter. This was the recommended operating configuration for extended runs.

The laser rod is heated to and maintained at approximately 78 degrees centigrade for
optimum lasing efficiency. The flashlamp fluid cooling system is maintained at approxi-
mately 45 degrees centigrade.

The Compact laser has a flashlamp pumped alexandrite laser rod of virtually identical
dimensions to the Mallet (0.635 cm x 10 cm). A maximum reflectance mirror, the rod, and
the output coupler form the laser resonator. The flashlamp energy is coupled to the rod
in a single ellipse reflector. The laser differs in that it has no liquid cooling of the
flashlamps bu' rather is conductively cooled. The laser as originally delivered did not
include an exte rnal (to the pump chamber) fan but was added shortly thereafter along with
a change in the maximum reflector to a shorter radius of curvature. Additionally, there
is no stabilization of the rod temperature as in the Mallet. It operates essentially as
a single pulse device in the long pulse mode although it has some capacity for repetitive
pulses. An 8x beam expander/collimator is installed on the laser.

These lasers were both acquired as broadband lasers under a set of specifications

emphasizing energy output and beam quality.

Experimental Details

All energy output measurements were taken with a Scientech model 38-0101 volume absorb-
ing disc calorimeter and a digital readout unit. The only exception being the rep rate
measurements (I Hz) taken with the Mallet laser. The time constant for the calorimeter
was too long to allow measurements at this rep rate. These measurements were taken with
a Laser Precision RjP-745 pyroelectric radiometer which was calibrated against the calo-
rimeter.

Temporal pulse forms were taken with a Hammamatzu vacuum photodiode. The signal from
the photodiode was fed to an oscilloscope or to a Tektronix 7912 programmable digitizer.
The digitizer provides a video output which was recorded on a VCR and reduced post-test.
Photographs presented in this paper were taken from the oscilloscope with a standard scope
camera.

Intensity profiles for the Mallet were acquired through the use of a standard vidicon
camera in conjunction with a Teledyne Brown Profilometer model VCP 1. The camera was used
to observe the laser spot on a white target board and was stopped down so as to produce a
good (unsaturated) signal. The video signal was then interfaced to the Profilometer which
scans it in three dimensions and produces an X, Y, and Z output to an oscilloscope. Photo-
graphs were again taken with a scope camera.

The beam spatial fluence profile for the Compact laser was measured with a beam profiler
developed by MICOM DED. The device consists of a 10 x 10 array of 1-inch square black ano-
dized aluminum tiles with a small thermistor attached to the back of each. These independ-
ently detect energy by measuring temperature changes. Output from each tile in the array
is multiplexed five times per second and recorded by a computer. The device provides 100
array data points of the beam fluence distribution for graphic display.

Linewidth measurements and ASE/Laser intensity ratios were taken using a Spex spectro-
meter and a Photo Multiplier Tube (PMT) or a Jarrel Ash spectrometer in conjunction with a
Tracor Northern 1710 Optical Multichannel Analyzer (OMA) or some combination thereof. A
split off portion of the beam was directed into the Jarrell Ash spectrometer and the OMA
while the remainder entered the Spex and PMT. The entire spectral distribution of the
lasers could thus be monitored on each pulse (OMA) while the spectrum was methodically
scanned for intensity variations as a function of wavelength (PMT). This set-up became
neccssary because of the pulse-to-pulse variation in spectral content which could signif-
icantly effect the intensity readings. The wavelength and output energy dependence of the
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Alexandrite medium on temperature is well documented.I- 3 The rod temperature is dependent
on the time between pulses (for a fixed flow rate) particularly in the conductively cooled
Compact. Thus, it became critical to pulse the lasers when the rods were at the same
temperature to improve success at determining an ASE/Laser intensity ratio. Under this
criterion, the lasers were pulsed and data taken only after the rods had sufficient time
to return to a stabilized temperature. This amounted to room temperature for the Compact
laser and 78 degrees centigrade for the Mallet. The OMA was monitored to verify that
lasing was indeed occurring at approximately the same wavelength before using the intensity
data from the PMT. Linewidth could be taken directly from the OMA or determined from the
intensity plots produced by the SPEX/PMT.

Test Results And Discussion

Output Energy

The results of the output energy for both lasers are presented in Table 1. The output
energy for the Compact laser was measured in a smaller sample size. This was primarily
due to the fact that by being conductively cooled, the laser was restricted in the number
of continuous pulses that could be fired due to heat build-up in the pump chamber. The
Compact data represents a combination of two runs of about 105 shots each at approximately
1/4 Hz with a cool down period between them. The Compact data was taken after the afore-
mentioned fan and mirror modification.

Table 1. Output Energy Data

Emitted Energy (J)

Mallet Compact
Long Pulse Q Switch

MEAN 0.9096 0.4604 3.9070
MAX 1.0167 0.5045 4.2514
MIN 0.8266 0.4407 1.1793
STD 0.0015 0.0088 0.2956
COV 2.89% 1.90% 7.57%
#SHOTS 1001 1000 210

The Coefficient of Variance (COV) is determined by dividing the standard deviation by
the mean and is presented as a percent. It is the percent of the first standard deviation
of the mean value and allows a comparison of variance between different types of data or
data where the mean values are different.

Figures 2a, 2b, and 2c represent the frequency distribution curves of this data for the
Mallet long pulse and Q-switch and the Compact, respectively. The frequency distribution
curves present essentially the same curve profile of data distribution around the respect-
ive mean for all three cases. These data indicate a consistent pulse-to-pulse emitted
energy. This is evidenced by the low COV's of 1.9% for the Mallet Q-switch and 2.89% for
the Mallet long pulse. The Compact data was a little more inconsistent with a COV of
7.57%. This is an expected result due to the temperature stabilization and rod cooling
in the Mallet versus the conductive cooling of the Compact.

Temporal Data

The measured pulse width data, summarized in Table 2, indicates that the Mallet pulse is
approximately 81 psec and 57 nsecs (FWHM) in the long pulse and Q-switch modes, respective-
ly. Figures 3 and 4 present examples of the temporal pulse forms from which these pulse
widths were determined.

Table 2. Mallet Pulse Width Summary

Pulse Width
Long Pulse Q-switch

(psec) (nsec)

AVG 81 57
MAX 96 96
MIN 64 48
STD 5.897 3.363
COV 7.29% 5.94%
#SHOTS 297 301
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The data for pulse width on the Compact laser was a much smaller sample than for the
Mallet. The data averaged approximately 150 psec. Statistical parameters (other than the
mean) were not employed because of the small sample size. Figure 5 shows an oscilloscope
trace of a typical temporal pulse form for the Compact laser.

The temporal pulse forms for the Mallet were expanded to observe the individual spikes
that make up the long pulse. The spikes ranged from 45 to 200 nsec in duration measured
at the FWHM. The lower end of this range corresponds to measurements taken after the
Lforementioned output coupler modification and the higher end to those before. These were
measured both with the normal cavity configuration and with a 1.5 mm diameter aperture
placed between the rod and the output coupler. The effect of the aperture was to produce
spike pulse forms that were more gaussian in nature by reducing the number of transverse
modes. A typical spike is shown in Figure 6. Figure 7 shows a spike further expanded in
the horizontal to reveal a condition of longitudinal multiple-moding. This varied from
pulse to pulse with some single mode forms as well as some exhibiting three or more modes.

The effect of the aperture in the Mallet cavity on the temporal pulse is shown in
Figures 8 and 9. Figure 8 shows a typical pulse with a 1.5 mm diameter aperture and
Figure 9 without. The aperture allowed for only 2 to 3 spikes within the flashlamp pulse.
A 10 shot average of output energy during this testing both with and without the aperture
in place was 10 mJ and 1.2 J, respectively.

ASE/Laser Intensity Ratios

ASE/Laser intensity ratio results are summarized in Table 3.

Table 3. ASE/Laser Intensity Ratio Data

Method/Configuration Ratio

Avg all data/Mallet w/o aperture 2.5 x 10-4

Avg all data/Mallet w/aperture 1.4 x 10-4

Select data/Mallet w/o aperture 3.7 x 10-4

Select data/Mallet w/aperture 2.4 x 10-5

Select data/Compact 1.6 x 10-5

There are four different determinations of intensity ratio for the Mallet and one for
the Compact. Each of these was taken from an intensity versus wavelength plot. Figure 10
is the intensity plot from which the smallest Mallet ratio was taken and Figure 11 repre-
sents the Compact data. The piots were made on both 5 cycle log and linear scales. The
first two table entries were arrived at with the sole use of the Spex/PMT for the Mallet
laser as indicated under "method" in the table. Acquisition of data for the first table
entry involved large pulse-to-pulse variations in intensity at a given wavelength. A
digital scope with averaging capability was used to average sixteen data points at each
wavelength with the laser in a 1 Hz continuous run mode. The OMA was then employed to
observe the spectral content on a pulse to pulse basis. It was found that the spectral
content (the OMA trace) was varying in width, shape, and magnitude, from pulse to pulse
in the 1 Hz continuous run mode. A 1.5 mm intercavity aperture was employed which produced
a much mere consistent spectral output. The improvement was theorized to be due to a
decrease in the number of modes running and to a reduction in lasing medium over which a
temperature gradient could develop. Mann and Weber 4 did an indepth study of various
factors affecting rod temperature gradient and its stabilization. They described some
rather large gradients between rod center and surface (120 degrees centigrade) and spoke
of how this gradient could be held constant if the surface heat transfer coefficient (SHTC)
was adapted to the pumping power. It is possible that a mismatch of these parameters was
present in the Mallet at the 1 Hz rep rate causing this spectral inconsistency. Intensity
data was repeated with the aperture in place and the results shown as the second table
entry. The third entry is a result of using both the OMA and the Spex/PMT as described
earlier in the experimental details section of this paper to select for "typical" spectral
data, i.e., an OMA trace centering on approximately the same wavelength and having the
same general shape. It was found that by waiting for temperature stabilization between
laser pulses, this "typical" data could be produced on a fairly consistent basis. Entry
four of Table 3 involves the advantages of the aperture again in addition to the selection
technique and by comparison yields the lowest ASE/Laser ratio for the Mallet. The final
entry is for the Compact laser which was inherently more stable from a spectral standpoint.
The only deterrent to determining the intensity ratio was the centerline wavelength varia-
tion as a function of rod temperature. Selection for typical data with the OMA was incor-
porated and lasing occurred dependably at the same centerli.- when the rod was allowed to
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stabilize at room temperature between pulses. The time interval for "stabilization" of the
rods was longer for the Compact because it is forced air cooled rather than fluid tempera-
ture stabilized as with the Mallet. The intensity ratios varied from 2.4 x 10- 5 to
3.7 x 10-4 for the Mallet with the Compact yielding a slightly lower ratio (1.6 x 10- 5 )
than the lowest Mallet ratio. These numbers are consistent with calculated estimates for
these lasers.

Linewidth

Linewidth results are presented in Table 4. A linewidth was determined from each of
the intensity plots (see examples in Figures 10 and 11) discussed above. Linewidth was
aiso measured directly from the OMA and a comparison can be made from the table. An
example of an OMA trace for the Compact laser is given in Figure 12.

Table 4. Linewidth Data (Angstroms)

Method
Laser/Configuration Intensity Plots OMA

Avg All Data Select Typical
At 1 Hz Stabilized

Mallet w/aperture 32.5 21.5 27.6

Mallet w/o aperture 27.5 40.0 31.4

Compact -- 18.0 20.0

The numbers are comparable between the different methods and configurations but more
confidence is placed in the OMA data because it is a much more direct method. Linewidth
determinations from the intensity plots were more a check on the Spex/PMT data (for inten-
sity ratio purposes) than for their own merit.

Spectral Observations

The Mallet produced a fairly consistent spectral distribution when the intercavity
aperture was in place and/or the laser rod temperature was allowed to stabilize between
pulses. Rep rate runs (1 Hz), particularly without the aperture, produced highly irregular
and inconsistent spectral traces but did remain at about the same general wavelength. The
Compact, however, while being much more consistent in the shape of the spectral trace and
linewidth at 1 Hz, did have a centerline change proportional to the length of run time
(number of pulses) as can be seen in Figure 13. This plot is for a 30 shot run which the
manufacturer states in the operator's manual to create about a 25 degree centigrade rise in
the pump chamber. The change in wavelength over this range is 6.8 nanometers. Guch and
Jones 3 described a change of 38 nanometers over a delta of 276 degrees centigrade with
their laser. This slope is about half that of our finding with the Compact. Additionally,
the linewidth remained fairly constant out to about pulse number 15 where a definite broad-
ening began to take place as shown in Figure 14. It was desired to investigate this effect
out to higher temperatures but the danger of overheating certain pump chamber components
precluded further investigation. The Compact laser's centerline wavelength changes with
rod temperature while the Mallet's fluid temperature control system maintains a more con-
sistent rod temperature.

The alexandrite lasers are known to produce higher energies at higher temperatures and
is the reason for rod heating in the Mallet to maintain a temperature of 78 degrees centi-
grade. Also, the absence of cooling other than forced air in the Compact allows an in-
crease in rod heating and thus output energy as more pulses are put on it. This is exhib-
ited in Figure 15 which shows the output energy as a function of the pulse number at
approximately 1/4 Hz in two extended runs for the Compact. The output for these extended
Compact runs peaked at about 80 pulses which should correspond to a stabilization of the
rod temperature at an equilibrium between the conductive cooling capacity and the thermal
input at the 1/4 Hz rep rate. Guch and Jones 3 demonstrated an increase in output energy
out to 225 degrees centigrade with controlled heating of the rod.

The tradeoff for more energy appears to be a deterioration of spectral quality. Some
applications, however, might favor or be indifferent to a wavelength drift, broadband
spectral character, and/or inconsistent spectral distributions.

Beam Divergence

Beam divergence for the Mallet was not determined in the laboratory but rather estimated
by observing the beam spot size at 1200 meters under low scintillation-high visibility con-
ditions and dividing the spot diameter by the range. This work was accomplished earlier
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by Barber et. al. 5 in a set of propagation experiments performed at DED MICOM. The beam
divergence for the Compact was determined by the United States Army Environmental Hygiene
Agency at the MICOM test site. These data were taken in the single shot mode and the
results are summarized in Table 5.

Table 5. Divergence Data

Divergence
Laser With Beam Expander Base System

Mallet 0.191 mrad 2.3 mrad

Compact 0.44 mrad 3.5 mrad

Beam Spot Analysis

Beam profiles for the Mallet were obtained as described in the experimental details
section and are presented in Figures 16 and 17. They represent the Mallet profiles as
viewed from the vertical and the horizontal for the long pulse and Q-switch modes,
respectively. The profiles are basically Gaussian.

The Profilometer was not used with the Compact but rather the 10 x 10 array thermal
beam profiler discussed in the experimental details section. The beam fluence contour
plot shown in Figure 18 was taken with the array at 400 meters under low scintillation,
high visibility conditions. 5 The table insert gives the relative intensities for each
tile. The near uniform energy distribution is apparent.

Efficiency

The efficiency for the two lasers was calculated as the average energy out of the laser
per pulse divided by the total energy on the storage capacitors supplying the flashlamps.
The calculated efficiencies were approximately 1.3% and 1.8% for the Mallet (long pulse)
and Compact lasers, respectively.

Reliability

A word about observed reliability is included here although a formal reliability study
was not performed. The number of shots on each laser could only be estimated as they were
used in many different tests with no actual count made. The Mallet head was estimated to
have been fired in excess of 50,000 shots and the Compact in excess of 20,000.

The Mallet had some power supply problems when first received and then again at the end
of this testing. A short to the casing in the control electronics which destroyed several
circuit boards also occurred early on. The only failure in the head was a breakdown of the
reflective coating in the pump chamber housing which was primarily due to improper main-
tenance of the deionized coolant water.

The pump chamber reflective coating in the Compact laser was burned off over a period
of time due to excessive heating. This occurred prior to installation of the fan and has
not been a problem since. The only other failure was damage to the small lens in the beam
expander which occurred on two occasions.

Conclusions

The results of our findings for the characterization of these two Alexandrite lasers are
summarized in Table 6.
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Table 6. Summary of the Mallet and Compact Characterization

Mallet Compact
Parameter Lone Pulse Q-Switch

Output Energy (J) 0.91 0.46 3.91

Pulse Width 81 psec 57 nsec 150 psec

ASE/Laser Intensity
Ratio 2.4 x 10-5* ----- 1.6 x 10- 5

Linewidth from OMA 27.6 w/aperture
(Angstroms) 31.4 w/o aperture ----- 20.0

Divergence (mrad) 2.3 ----- 3.5

Efficiency 1.3% ----- 1.8%

*Represents lowest ratio for Mallet

In addition to these parameters spectral conclusions are in agreement with prior
findings for Alexandrite lasers. The lasing wavelength is dependent on rod temperature
and will change from pulse to pulse unless the temperature is stabilized as was seen with
the Compact. The linewidth for the Compact laser was observed to broaden with increased
temperature out to the recommended limits of operation. Inconsistencies in the Mallet
were seen as far as linewidth and spectral content when operated at rep rate (1 Hz).
This was probably related to variations in rod temperature gradient from pulse to pulse
caused by a mismatch between the Surface Heat Transfer Coefficient and the pumping power
as discussed earlier.

Energy output was also observed to increase with an increase in rod temperature and was
more consistent from pulse to pulse in the temperature stabilized Mallet than in the con-
ductively cooled Compact.
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Fig. la. Mallet Laser Resonator.

Fig. lb. Mallet Laser Near Field Intensity Pattern.
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Fig. 3. Mallet Laser Temporal Long Pulse Fig. 4. Mallet Laser Temporal Q-Switch
(~ 80 psec). Pulse (- 50 nsec).

Fig. 5. Compact Laser Temporal Pulse Fig. 6. Mallet Laser Long Pulse Spike
Form. Form (- 60 nsec at FWHM).
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Fig. 7. Mallet Laser Long Pulse Spike Fig. 8. Mallet Laser Temporal Long
Expanded to Show Multi-Moding. Pulse With 1.5 mm Intercavity

Aperture.

Fi,;. 9. Mallet Laser Temporal Long Pulse Without Aperture (-100 psec).
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Fig. 10a. Intensity vs Wavelength Plot for Mallet Laser with 1.5 mm
I.tercavity Aperture and Data Selection for "Typical"
Data on 5 Cycle Log Scaling.
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Fig. 12. Optical Multichannel Analyzer Plot for the Compact Laser-
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Fig. 13. Centerline wavelength vs Pulse Number at I Hz for the Compact

Laser.

S~~~3 S 311I S N I
PULSE IIN I HZ RUN

Fig. 14. Linewidth vs Pulse Number at 1 Hz for the Compact Laser.
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RECENT DEVELOPMENTS IN TI:SAPPHIRE FOR REMOTE SENSING APPLICATION

James C. Barnes
Senior Research Physicist

NASA Langley Research Center
Hampton, Virginia 23665-5225

Abstract

A historical overview of titanium-doped sapphire (Ti:A120 3 ) material and of NASA lidar systems, leading to Ti:A120 3 as a
candidate lidar transmitter, is presented. Progress on the design and development of a Ti:A120 3 laser for NASA lidar applications
is reported. Also reported are advances by NASA and others demonstrating the versatility of the laser material for remote sensing
applications.

Introduction

Ti:A12 0 3 was first lased by Dr. Peter Moulton in 1982 at MIT Lincoln Laboratory.[1 ] Although it was a promising laser

material, Dr. Moulton and others observed and measured anomalous absorption losses at laser wavelengths.1 2,3] The losses limited
the efficiency of the material and contributed to lowering the damage threshold. In 1985, NASA contracted Union Carbide
Corporation for materials development in an attempt to reduce the absortion at the laser wavelengths. A total of four Ti:A12 0 3
boules were grown with NASA Langley researchers performing spectroscopic and laser characterization of material from each
boule before the growth of the next boule began. The initial boule was measured to have losses at 780 nm of 0.20 cm - 1 and
the final boule, with refined growth and processing techniques employed, exhibited losses less than 0.02 cm-l.[4] Commercial
suppliers now consistently produce material with losses less than 0.01 cm - 1 . 51

NASA Langley's interest in Ti:A12 0 3 can be attributed to the advantages presented by its laser characteristics over other
tunable materials such as alexandrite and dyes. The wide tuning range of Ti:A120 3 , from 660 nm to 1100 nm, coupled with
nonlinear devices extending the range into the UV allows the laser to address many atmospheric molecular species including OHx,
Ox, NOx, and SOx via lidar remote sensing. The high damage threshold, greater than 12J per cm 2 when pumped with 15 ns
pulses of reasonable beam quality 532 nm light, lends well to long duration space deployment of Ti:A120 3 . As does the fact that
it cai, be pumped by all solid state, frequency-doubled Nd laser systems. In addition, the high efficiencies of the laser, at high
energy outputs, make it a "good neighbor" on space platforms that support more than one experiment.

Langley began its' lidar remote sensing in 1970 using a Ruby laser at 347 nm and 694 nm to measure aerosols and N2 from a
ground based system with a 48 inch telescope. In 1978, the first airborne missions were flown on an Electra aircraft. From that
time to the present, the Electra has flown Ruby, YAG, YAG pumped dye, and alexandrite lasers to measure aerosols, water vapor,
and ozone. The progeny of the Electra flights will be the LASE (Laser Atmospheric Sensing Experiment) mission scheduled to
fly in 1990 aboard an ER-2 aircraft, capable of altitudes up to 60,000 feet. The LASE transmitters are a pair of alexandrite lasers
tuned to 725 nm to perform differential absorption lidar (DIAL) measurements of H20 on the initial flights, and tuned to 760 nm
in later flights to address 02 for temperature-pressure profile determination. The LASE instrument technology development will
provide a precursor to NASA Langley's first spaceborne lidar mission, LITE (Laser In-space Technology Experiment). Scheduled
to fly as a shuttle payload in 1993, LITE will measure aerosol backscatter as a demonstration of laser capability for spaceborne
lidar applications. The laser transmitter will be a high power Nd:YAG laser with 0.5 J in the fundamental, 0.5 J of the second, and
0.2 J of the third harmonic providing simulateneous probe wavelengths.[6.7] Beyond LASE and LITE, NASA has not approved any
major laser remote sensing programs. Langley strongly feels that, given the development efforts required, Ti:A120 3 is a natural
for follow up programs to both LITE and LASE. To support this contention Langley has embarked upon an aggressive effort to
develop and demonstrate the capabilities of Ti:A1203 as a transmitter for remote sensing applications.

NASA Ti:A120 3 DIAL Transmitter

As one might expect, spaceborne laser transmitter requirements are more stringent than aircraft transmitter requirements.
Langley has directed its' efforts towards developing Ti:A120 3 for spaceborne remote sensing applications, taking the position
that converting a space system for aircraft applications would be more easily realized than the converse. NASA atmospheric
scientist have provided the major laser requirements for making DIAL measurements of H20 column content and profile, and
02 for temperature-pressure determination, two enabling measurements for understanding the chemistry and dynamics of the
atmosphere.i8l The transmitter must deliver at least one joule per pulse operating at a 10 Hz rep-rate. This insures that the
return signal to the lidar telescope receiver is sufficient to perform viable data analysis with good resolution. The laser should
be tunable to 725 nni and 940 nin to address H2 0 in the lower and upper atmosphere respectively and should be tunable to
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760 nm to address 02. The laser linewidths are 1 pm for H20 and 0.5 pm for 02 with a spectral purity requirement of better
than 99.9%. Reliability, defined as autonomous operation at linewidth and wavelength with energy degradations of no more than
25%, requires 106 shots for shuttle missions and 109 shots for polar platform deployments.

Figure 1 is a block diagram which illustrates NASA Langley's concept of an all-solid-state Ti:A12 0 3 transmitter for spaceborne
atmospheric sounding and altimetry. The transmitter selectively operates in one of two available modes; the backscatter mode
for measuring aerosols or the DIAL mode for H2 0 and 02 measurements. The transmitter package incorporates diode array
pumping of Nd systems. In the backscatter mode, two of the Nd:YAG lasers' fundamental outputs serve to generate the second
and third harmonics which are transmitted along with the residual fundamental to probe aerosols. In the DIAL mode, all of the
Nd:YAG lasers are optimized for second harmonic energy which is used to pump the Ti:A12 0 3 oscillators and amplifiers. Tuning
and linewidth control of the Ti:A120 3 transmitter are achieved in the Nd:YLF pumped master oscillator modules. The modules
provide two beam-lines tuned onto a molecular absorption line and one beam-line just off of the absorption line. Timing controls
and other electronics are not shown but are being addressed by Langley, as are the array pump and receiver technologies.
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Fagure 1 Block diagram illustrating NASA engineer's concept of
an all solid state transmitter for spaceborne lidar.

NASA and Contractor Efforts

NASA Langley has demonstrated the capability of Ti:A120 3 lasers to meet many of the space transmitter requirements. Langley
has demonstrated less than 1 pm linewidths with tunability from 700 to 960 nm. Injection locking of power oscillators have been

demonstrated using narrow inewidth injection sources, including dye lasers, single diode lasers, Ti:A120 3 lasers, and self-injection
locked Q-switched Ti:A120 3 lasers.[9 '1 0'11] In addition, the spectral purity of a Ti:A120 3 amplifier system was measured.[12] This

experiment encompasses the achievements listed above and will be used to illustrate Langley's development efforts. Spectral

purity requires that 99.9% of the total transmitter pulse energy reside within a spectral band less than or equal to 5 pm as viewed
through a spectral window of 200 pm. The primary source for out of band energy is amplified spontaneous emission, ASE, which is

a result of high-gain amplification of spontaneous emission internal to the laser medium. Because the gain of Ti:A120 3 is between
that of relatively low-gain alexandrite which displays essentially no ASE and high-gain dyes which exhibit unacceptable levels of

ASE, there was concern as to which of these media Ti:A12 03 would most closely resemble. The measurement of ASE generated by

a Ti:A12 03 amplifier system was performed using the narrowband absorption features of rubidium gas at 780 nm which is near the

gain maximum of Ti:A120 3. Figure 2 is a schematic representation of the experimental arrangement. The laser system consists
of an oscillator, a regenerative amplifier, and a 49 mm long, BBAR coated Ti:A120 3 amplifier. The oscillator is narrowed to the

pm linewidth range and tuned by a system of etalons, filters, and prism which are described more completley in reference 12.
The line-narrowed oscillator is used to injection-lock the regenerative amplifier which outputs serve as the extraction beam to the

amplifier. The laser is tuned to an absorption line of the rubidium gas. Transmission of amplifier pulses through a Rb absorption
cell are measured at various temperatures, thus allowing the measurement of the weak ASE in the vicinity of strong laser pulses.
A model for the transmission of Rb as a function of temperature and as a function of wavelength was used to validate the ASE

measurements, again a more complete description of the model can be found in reference 12. Figure 3 graphically illustrates the
close agreement between model predictions and experimental measurement of transmission as a function of temperature for a

given wavelength. The amplifier energy transversing the cell is collected by a calibrated lens and focused onto a large area silicon
detector. For each set of data taken, the transmitted signal is first incident without insertion of a bandpass filter (full spectrum

transmission) and then sequentially with 8.7 nm and 3.2 nm bandpass filters ce~ltered and calibrated at 780 nm inserted in front
of the detector. The fraction of the amplifier pulse transmitted by the Rb cell, when zero trannsmission is predicted by the Rb

absorption model, is the on-axis ASE. One of the several sets of measured transmission as a function of gain and pump energy,
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Figure 2. Schematic of the experimental arrangement used to
measure amplified spontaneous emission.

at a temperature for which the model predicts zero transmission, is given in Table 1. These measurements indicate that the ASE
generation property of Ti:A120 3 more closely resembles that of alexandrite than dye. Further, when the on-axis ASE of less than
2 x 10- 1 measured in a 32 angstrom window is scaled to the specified 2 angstrom window, less than 10- 5 ASE is expected for
pump fluences up to 600 MW/cm 2 much less than the 10- 3 ASE allowed.

Table 1. Measured transmission as a function of gain and pump energy

PUMP AMPLIFIER FULL SPECTRUM 8.7 nm BANDPASS 3.2 nm BANDPASS
ENERGY GAIN TRANSMISSION FILTER FILTER

(mJ) AVERAGE TRANSMISSION TRANSMISSION

50 4.3 .0007 0 0
60 4.6 .0009 0 0
70 5.0 .0009 0 0
80 5.5 .0015 .00023 .00017

Rb Cell Temperature = 150'C
Laser Linewidth = 1pm
Laser Wavelength = .7805972 microns
Max. Pump Density = 2J/sq. cm

To address the one joule per pulse output energy requirement, Langley is working in conjunction with Schwartz Electro-Optics
Research Division (SEORD) to demonstrate 1 J output at a 10 Hz pulse repetition rate. Using a graded reflectivity mirror (GRM)
unstable resonator configuration, SEORD obtained in excess of 400 mJ of energy output at 10 Hz which is the highest energy
output at 10 Hz reported to date.[1 3] The Nd:YLF pump laser used for this demonstration provided two 527 nm pump beam
lines of up to 0.55 J each. Figure 4 is the energy input-output curve for the GRM resonator taken from reference 13. At a little
more than 5 times threshold, the resonator is approaching the theoretical efficiency limit of -50%. The complete Ti:A120 3 laser
system has been delivered to NASA Langley where efforts to achieve pm linewidth, Ti:A12 0 3 laser outputs of one joule per pulse
will be continued by Langley researchers with the consultation of SEORD.

Other Ti: A 1203 Development Efforts

The highest Ti:A120 3 energy output reported to date, 3 J per pulse at 2 Hz, was obtained from a flashlamp pumped laser
using a fluorescent dye converter. An elliptical pump cavity with a 7.5 inches long, 8 mm diameter rod with matching short
pulse flashlamp were used for this demonstration. A little less than 0.02 conversion efficiency was realized.[14] With the use of
longer rods and flashlamps it is predicted that up to 4.5 J can be obtained from a single cavity with a factor of 2 improvement
in efficiency. Using a similar cavity but with a shorter rod and different dye converter, output energy greater than 1.1 J was
achieved at a 5 Hz rep-rate.[1'N] The conversion efficiency of this system was also slightly less than 0.02.

In a dye laser pumped Ti:A120 3 demonstration researchers were able to achieve 2 J output for 10 J of microsecond pump pulses
at low rep-rates. With 40 to 50 J per cm 2 pump density, there were no parasitic oscillations observed.J 16

1 The same researchers
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were able to double 1 inJ of single longitudinal mode, 911 nm Ti:A120 3 to 455 nm with 0.30 efficiency using KD*P. Higher
doubling efficiencies are expected with higher fundamental energies and use of frequency mixing techniques.[1 7]

Sulnmary

The outlook for Ti:A120 3 being used for remote sensing applications is excellent. Large diameter, long length, quality material
can be readily obtained from commercial vendors. The material's damage threshold is more than sufficient to reliably produce the
high energies required of lidar transmitters and the efficiency of the material lends well to high energy output. The material can
be pumped by solid state and flashlamp based lasers including Nd, dyes, and gas, and can also be pumped directly in dye filled
flashlamp cavities. This offers several scenarios for converting existing remote sensing systems to Ti:A120 3 eg. NASA's LASE and
LITE Systems. Energy output up to 3 J have been demonstrated at low repetition rates, a 1 J per pulse 10 Hz system is being
developed by NASA and SEORD. Diode array pumped Nd technology is being addressed with the goal of a 1 J system expected
to be realized by the end of 1990. NASA Langley Research Center has demonstrated many of the required laser characteristics
for a spaceborne Ti:A120 3 lidar transmitter and is actively pursuing a project using Ti:A120 3 technology for DIAL applications.
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ASSESSMENT OF DYE LASER SOURCES FOR LIDAR APPLICATIONS

F. J. Duarte
Photographic Research Laboratories - Photographic Products Group

Eastman Kodak Company, Rochester, NY 14650-1744

Abstract

Pulsed narrow-linewidth dye lasers are characterized in A 2

terms of laser linewidth, wavelength stability, and amplified
spontaneous emission. A literature survey of relevant dye {PAsE/PP}= (AA) f W (A) dA (AX) E(X) dA
laser configurations is given and several approaches to f
optimize performance are discussed.

Introduction for very small AAn segments. In this definition AA is the
In this short and preliminary review, we examine some full width of the broadband emission and AX is full-width

of the emission characteristics of pulsed dye lasers for dye laser linewidth. Measurement techniques are discussed

applications to lidar. The parameters to be incorporated in in Refs. 12 and 14. It should be noted that for identical
the discussion include laser linewidth, wavelength stability, energy distribution functions the {PASE/Pt ) ratio reduces to
and amplified spontaneous emission (ASE). The assessment a simple ratio of the maximum ASE intensity over maximum
provided is focused on the value of these fundamental laser intensity (IASE/It).
parameters and in approaches known to yield improvements
in the value of these variables. In Table I we list the emission characteristics of several

dye laser systems with potential applicability to lidar
First, we note that a brief literature search indicates that measurements. Parameters considered are laser linewidth

the linewidth values of dye lasers utilized in lidar applica- (Av), wavelength stability (5XA), and (IASE/It) ratio.
tions vary from a few GHz to a few hundred MViz. 1-9

Secondly, reported wavelength stability figures vary from a
few parts in 10-6 to a few parts in 10-7 (see Refs. 2 and 8).
ASE levels tend to vary from 0.1% to 1% (see Refs. 3, 6 The laser reported by Bos 15 was an oscillator amplifier
and 7). The literature on remote sensing applications of dye system yielding 165 mJ per pulse at a 55% overall conver-
lasers to monitor industrial pollution is reviewed by Klick. to sion efficiency. The efficiency of the telescopic oscillator

was 6%. The high pulse repetition frequency (prf) laser
have e concers reported in Ref. 17 was a hybrid multiple-prism grazing-

Recently, several authorsla expressed dye incidence (HMPGI) dye laser oscillator excited by a copper
related to ASE levels in available narrow-linewidth dye vapor laser (CVL) operating at a prf in excess of 10 kHz.
lasers since even a 1% ASE content can introduce consid- The linewidth reported here was a long term value that
crable uncertainty in lidar measurements. 6 Other authors integrated frequency jitter for more than two million laser
have commented in the difficulty encountered in maintaining pulses. The conversion efficiency of the HMPGI oscillator
appropriate low levels of ASE.7  was in the 4-5% range. The use of an intracavity etalon in a

In this communication, we discuss the properties of multiple-prism Littrow (MPL) oscillator can yield linewidths
existing narrow-linewidth pulsed dye lasers with an as low as 60 MHz at a conversion efficiency of 5% for a prf
emphasis in emission linewidth characteristics and ASE of 6 kHz (see Ref. 16). Flamant et al. 18 reported up to 0.3 J
figtres. We also describe methods to reduce the ASE to per pulse in a master-oscillator forced-oscillator configur-
very low levels, ation.

First, we provide a brief description of an appropriate In the experiments reported by Duarte and Conrad 19 the
ASE measurement definition. 12,13 A widely used figure is flashlamp-excited MPL and HMPGI nscillators yielded
the ASE percentage defined as the total spectrally integrated single- and double-longitudinal-mode oscillation at Av < 375
broadband ASE energy over the energy contained in the laser MHz. The oscillators provided 5-10 mJ, and this energy
narrow linewidth emission. A problem with this definition was increased to 600 wi in a master-oscillator forced-
is that no information on the linewidth or brightness of the oscillator configuration. The ASE figure quoted here is an
laser is provided. A definition that does provide information upper limit and the (8?MA) value is a short term figure.20

on these important parameters and that is easily applicable to The ASE level quoted in Table I corresponds to << 0.1%
spectrometric measurements of ASE is the spectral density and was measured at the oscillator stage. 20

approach described by Duarte. 12.14 In this definition we
take the ratio of the ASE spectral density (PASE) over the
laser emission spectral density (pt): 14
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Table 1. Emission Characteristics of Narrow-Linewidth Dye Lasers
Excitation Oscillator Av (MHz)* (80.) (IASE/It) Ref. No.

Source Configuration

Nd:YAG Tulescopic plus 320 < 6 x 10-7  15
(2nd H) etalon

CVL MPL plus etalon 60 2 x 10- 7  16

CVL HMPGI - 400 < 7 x 10-7  5 x 10- 7  17

Flashlamp Multiple etalons 345 1

Flashlamp MPL and HMPGI < 375 -10-6 << 10-7  19
* I(XX) MHz = 0.033 cm- 1

At this stage a number of strategies to reduce ASE levels Finally, an issue relevant for field deployment is dye
at the oscillator stage should be considered. 14 First, all lifetime. In this area the development of new, more stable,
broadband parasitic reflections in the cavity should be and highly soluble dyes2 7.28 provides good reason for
eliminated. Thus, one should use dye cells of a trapezoidal optimism. In addition, the use of effective carbon filter
or parallelogrammatic geometry. In the case of intracavity systems demonstrated by Everett and Zollars29 indicates that
telescopes and multiple-prism beam expanders, antireflection the issue of dyc lifetime can be neutralized.
coatings should be utilized. The efficient design of intra-
cavity multiple-prism beam expanders in orthogonal The author is grateful to Dr. W. B. Grant (NASA) for
configurations is discussed by Duarte 2 1 and Trebino. 22  useful discussions.
Transmission efficiency in nonorthogonal multiple-prism
configurations is discussed by Duarte. 23 Also, dye concen- References
trations should be optimized for an optimum IPASE/Pt)
ratio. Careful observation of the design constraints listed 1. E. V. Browell, T. D. Wilkerson, and T. J. Mcllrath,

Appl. Opt. 18, 3474 (1979).above have produced I PASE/Pt }8 x 10-8 for an excimer 2. E. V. Browell, A. F. Carter, S. T. Shipley, R J.
laser-pumped MPL oscillator yielding Av = 714 MHz. The Allen, C. F. Butler, M. N. Mayo, J. H. Siviter, and
dye utilized was rhodamine 590 at 5 x 10-4 M (see Ref. 14). W. M. Hall, Appl. Opt. 22, 522 (1983).
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Abstrac:

In this paper we provide a theoretical evaluation of and the significant reduction in the intracavity energy flux
multiple-prism Littrow (MPL) and hybrid multiple-prism incident on the grating.
grazing-incidence (HMPGI) alexandrite oscillators. It is
found that for long-pulse lasing (- 400 ns at FWHM) this 11. Long-Pulse Alexandrite Laser Characteristics
type of oscillator should easily provide single- and double-
longitudinal-mode oscillation at energy levels approaching In order to design the narrow-linewidth oscillator it is
10 mJ per pulse. A comparison with MPL and HMPGI necessary to measure the basic emission characteristics of the
narrow-linewidth flashlamp-pumped dye laser oscillators is alexandrite laser. The measurements considered here relate
also provided, to the long-pulse mode since conditions for narrow-

linewidth oscillation are more favorable in the long-pulse
1. Introduction regime. The alexandrite crystal rod was 115 mm long with a

7 mm diameter. Utilizing a simple resonator with 55%
In this communication, we report on recent output coupler provides - 750 ml per pulse. The pulse

developments in our program on tunable narrow-linewidth energy output is reduced to -20 mJ when an intracavity
pulsed lasers. This program is an extension of earlier work aperture with a -I mm diameter is employed. Under these
on compact narrow-Iinewidth laser-pumped pulsed dye conditions the laser provided a single-transverse- mode
lasers 1-3 and its main focus has been on long-cavity (TM0o) in a near-Gaussian pulse with 400 ns duration
flashlamp-excited pulsed dye lasers.4.5 The dispersive (FWHM).
approach to be discussed here has also been applied to gas IlI. Dispersive Resonators
lasers. 6,7

As result of this long-term study we have built and In order to assess the likely narrow-linewidth
characterized a number of narrow-linewidth flashlamp- characteristics of a dispersive alexandrite laser we assume a

excited pulsed dye lasers. These oscillators have been I mm diameter TM00 intracavity beam. The resonators to be

demonstrated to yield efficient single- and double- considered are those of a MPL and HMPGI configuration. 3

longitudinal-mode (Av 375 MHz) oscillation in a nearly The principal wavelength of design is 760 nm (see Ref. 10).
In addition to the 1 mm intracavity beam the total

diffraction limited beam 4 and very low amplified expansion needed is determined by a 150 mm wide 240()
spontaneous emission (ASE) levels (< 10-7). Recent lines/mm holographic grating utilized in its first order for
advances on new more soluble 8 and more stable dyes ) in the Littrow operation. For operation in HMPGI configuration
bhte-green spectral region provide further reason for the grating is assumed to be given an incidence angle of
optimism for enhancing the applicability of these lasers. -85".

Our interest in narrow-linewidth alexandrite lasers Previous designs of multiple-prism expanders indicate
originates in the apparent difficulty to obtain stable dye that the most effective and efficient configuration involves
species in the near infrared. Hence this paper deals with a about four stages of magnification. Following Duarte I I 2
theoretical evaluation of multiple-prism Littrow (MPL ) and we choose a (+, +, +, -) configuration for the MPL oscillator
hybrid multiple-prism grazing-incidence (HMPGI) and a (+, +, -) configuration for the HMPGI oscillator. For
oscillators utilizing an alexandrite crystal (Cr3  doped optimized transmission characteristics the reader should also
BeAI20 4 ) as active medium. A comparison with known refer to Trebino. 13 These prismatic expanders are designed
owput characteristics of narrow-linewidth flashlamp-pumped to provide zero dispersion at 760 nm.
dye laser oscillators is also provided. As discussed in The dispersive characteristics and the design of the
previous publications,7 interest in multiple-prism grating multiple-prism expander is accomplished using the
arrangements originates in the inherent ease of tuning, dispersive equation given by 14

relatively high efficiency, the absence of intracavity etalons,

d [ rl .k r " tano,:i dn ", Fri I k .

d2 r kllJ k2,j  I (±) nm -df. k 1 1H kj

+ (±I) tan0im dnm kl Hk2j
d1 n dk
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where the beam expansion factors are given by kl ,, 
=  These expanders at X = 760 nm provide zero dispersion,

(COs\4,m/COSjlm) and k2,m = (cOs02,m/COSI2j,). Here that is (d0 2,,/dX) = 0, so that at this wavelength the spectral

01rn is the angle of incidence at the mth prism and 02 , is characteristics of the cavity are determined by the grating
the corresponding angle of emergence (see Ref. 11 for exclusively. For operation away from the design
further details). The overall beam magnification factor for r wavelength small beam deviations from prism to prism occur
prisms is given by so that the incidence angle at the mth prism is modified by

r 0 1.m = 0 1m ± 2,(m_1) (7)
M = [k, fI k2 ,j

=1 (2) where 01,m is the incidence angle at (d02,dX) 0 and 02,

The double-pass prismatic d;sp~ersion iE given by (m-I is the deviation from orthogonality at the (m - l)!hp dprism and the sign (+ or -) depends on the configuration

r demployed. For oscillation away from the design wavelength
d(_l 2 k kl (d0 2.r (d02,/dX) # 0 and the prismatic expander now contributes to
dX) f1 -f 2.j ' (3 the overall dispersion of the cavity.R=' pi j=1 d (3) In the case that the last prism is configured in the additive

mode then the whole arrangement is additive (that is, +, +,
and the overall return-pass cavity dispersion including the +, +) and the prismatic dispersion is now quite large. In
grating can be expressed as Table I we list the calculated prismatic dispersions for the

configurations of interest.
The return-pass grating dispersion is estimated to be

M = r +- ) 3.5989 x 108 m 1 for the Littrow configuration at 760 nm
C dXX G - (d, R (4) and 7.9619 x 108 m-1 for the near-grazing incidence

geometry. Assuming a diffraction limited beam (AO = 0.48
At the central wavelength of design 02,1 = 02,2 .... 

0 2,m in rad. at 760 nm) the calculated dispersive linewidths are
and 12,1 = 22 --- 2m 0so that k2, = ,= also given in Table I.= A further illustration that differentiates the additive from

= k2 j = 1 and Eq. (1) reduces to 12  the compensating expanders can be given in terms of the

angular deviation experienced a 740 nm. For instance 02.4

d02 k 1 ( + ik 1 dnm 0.00000540 for the (+, +, +, -) configuration while 02,4
d_2,r _ - jk j  (- 1 )I1 kj Lm d?, 0.0340 for the (+, +, +, +) configuration. SimilarSj= M= (5) differences are evident for the three prism expander.

The grating efficiency is either measured directly 2 or is IV. Discussion
determined using the electromagnetic theory of gratings. 15

Since the prisms provide strong anisotropy which yields p- In this theoretical evaluation we have found that for MPL
polarized beams 3 we utilize the usual Fresnel equation to alexandrite oscillators the estimated double-pass dispersive
determine losses at the incidence surface at each prism. The linewidth is in the 686-804 MHz range. An important
reflection losses at the orthogonal exit surface are determined assumption in these calculations is thaz we would obtain a
by the characteristics of the antireflection coatings (- 0.3% near-diffraction limited beam. Experience with flashlamp-
reflective). The cumulative single-pass reflection losses at pumped and laser-excited MPL and HMPGI dye laser
the mth prism are determined using 7  oscillators4 , 16 lead us to be fairly confident about this

Lm = L~ + (I - L( 1 m (6) assumption.
(m ) + (- ) )The estimated length of these resonators is about 30 cm,

which yields a cavity mode spacing of about 499 MHz.
where L(m.I) provides the cumulative losses up to the Given the long- pulse characteristics of the alexandrite laser
previous prism and 1m represents the individual losses at the (400 ns at FWHM) it should be relatively easy to reach
mth prism. double- and single- longitudinal-mode lasing with the MPL

oscillator, which provides better efficiencies than theFor the MPL oscillator utilizing +, +, -) HMPGI alternative. These emission characteristics should
configuration the additive stage is composed of three be possible at an energy output level of a few mJ per pulse.
identical prisms (made of fused silica with the following At this stage it appears that narrow-linewidth MPL and
incidence angles 01,1 = 012 = 01,3 = 77.13950 and ~t, HMPGI alexandrite oscillators should perform as well as
W(1.2 = W1.3 = 42.1045' (which is also the common apex equivalent dye laser oscillators in the visible. The question
angle). This provides kl, = k , 

= k, = 3.3333 for fused to be resolved now is related to the overall system
2  3  3attractiveness for operation both in the visible and in the near

silica at 760 nim. For the fourth prism 01.4 = 61.2996 and infrared.

W 1.4 = 37.10260 so that kl 4 = 1.6607 and M - 61.51. In the visible we kn w that MPL and HMPGI flashlamp-
For the HMPGI oscillator employing a prismatic pumped oscillators can provide efficient double and single-

arrangement in the (+, +, -) configuration we have 0,1 = longitudinal-mode oscillation at Av 5 375 MHz in a near-
diffraction-limited beam at very low ASE levels. We also

01,2 = 75.60480 and \V ,1 = \1,2 = 41.7702' thus providing know that a master-oscillator forced- oscillator configuration
k = k1, 2 = 3. For m = 3 we have 01,3 = 59.9936' and can provide high fidelity amplification. 4 Ultimately, a

W1.3 = 36.55250 so that k1,3 = 1.6063 and M = 14.46. system could be built to provide a few hundred Joules per
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Table 1. Dispersive and Linewidth

Characteristics of MPL and IIMPGI Oscillators

Configuration k (nm) -M I(d1)/dX)RI - Av (MHz) T(%)
(m-l)

MPL
(4, +, +, -) 760 61.51 0.0000 697 53.34
(+, -, +, +) 760 61.51 5.6927 X 106 686
(+, +, +, -) 740 61.39 1.8026 X 103 804
(+, +, +, +) 740 61.39 5.6803 X 106 790
HMPGI
(+, +, -) 760 14.46 0.0000 315 70.42
(+, +, +) 760 14.46 1.3114 X 106 314
(+, +, -) 740 14.45 5.3017 X 102 324
(+, +, +) 740 14.45 1.3113 X 106 323
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Abstract

This paper introduces the field of laser radar, describes current capabilities of two laser radar systems,
and describes two recent experiments using visible laser radar. While current laser radars provide range
and velocity resolution comparable to microwave radar, the main advantages of laser radar are better
resolution in angle and the promise of range and velocity resolution that exceeds that possible with
microwave radar. However, all-weather operation remains an important advantage of microwave radar.
The two laser radar systems are a transportable, scanning C02 system and a visible, diode-pumped,
Nd:YAG system. The two recent experiments are reflective tomography and 3-D imaging using a single
laser pulse.

1. Introduction

I will speak today about recent experiments with laser radar. This is not a review talk, but I will say some general
things about the field of laser radar. I'll begin by introducing the field of laser radar, comparing it to microwave
radar and dividing the field by wavelength: infrared and visible. I will briefly describe the current capabilities of
laser radars and then discuss recent experiments with visible laser radars in detail. Finally, I'll make some concluding
remarks.

Figure 1 compares the capabilities of long-range microwave and laser radars. The main differences are wavelength
and power. First, the wavelength of an infrared or visible laser radar is a factor of 103 to 10s times shorter than that
of microwave radars, theoretically yielding an increase in angular resolution by the same factors for a fixed aperture
diameter. However, retaining the same aperture diameter is not generally achievable, so the increase in resolution
may be 102 to 10', resulting in beam widths of 10 to 100 prad for laser radar. The shorter wavelength also allows more
rapid Doppler measurement, as described below. Second, laser radars are generally less powerful than microwave
radars, and hence have shorter ranges. Howevr, the smaller beamwidth does produce high target irradiance, so a
weaker transmitter is more effective. In addition, the atmosphere absorbs 10 to 20 times more energy in the visible
than at 10 GHz. In fact, weather is the most important factor. Rainfall increases the atmospheric loss for laser
radars dramatically, and clouds, shall we say, compromise operation effectively. All-weather operation remains an
important advantage of microwave radar. The main advantage of the laser radar is resolution in angle-the ability
to resolve a target into cells-while extracting range and velocity information comparable to microwave radar.

Table 1 compares various resolution parameters: angle, range and velocity. Microwave radar cannot resolve most
targets in angle. This limits the tangential velocity estimate as well. For laser radar, the combination of good range
and angular resolution allows a good estimate of tangential velocity. Coupled with good Doppler resolution, the
laser radar can obtain a good estimate of the state vector of the target. However, poor weather can ruin this good
perh)rmance. Since range resolution is proportional to bandwidth and bandwidth is limited to be less than half the
carrier frequency, the range resolution for laser radar can theoretically be very high. In practice, optical bandwidth is
limited by receiver technology, but 12 GHz has been demonstrated. This and higher bandwidths cannot be achieved
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Figure 1: Laser radar provides finer angular resolution than microwave radar but will not penetrate clouds. Microwave
radar has longer range.

Resolution Parameter
Position Velocity

An ular Range Tan ential Raial__
Microwave Inadequate Good Inferior Goo

Radar to Ladar
Laser Radar od G 0oo0 Good Good

(Ladar) I I I

Table 1: Resolution for two active measurement techniques, adapted from Bachman'.

with a microwave radar operating below K band (24 GHz). Ultimately, the range resolution of the laser radar could
surpass the range resolution possible with a microwave radar. Since velocity resolution is inversely proportional
to wavelength and measurement time, a laser radar can achieve a given Doppler resolution more rapidly than a
microwave radar. Thus, changes in velocity can be detected more accurately using a laser radar. However, Doppler
shifts for rapidly-moving targets can exceed detector bandwidths, so tracking of the center Doppler frequency is
often implemented to reduce demands on the detector. Other topics of interest that may be of interest for various
applications are:

* Acquisition of a target in range, angle, and velocity- For example, the narrow FOV of a laser radar may
require a wide-FOV acquisition sensor.

" Resistance to jamming-If a sensor has intrinsically narrow beamwidth, it is less sensitive to jamming. The
jammer must lie within the narrow FOV.

* Noise-The limits of range and velocity resolution may be imposed by transmitter and receiver characteristics,
especially if high power is necessary for long-range operation. Jon Grossman will discuss these issues in a talk
to be given tomorrow morning in the laser radar session.

" Safety-Precautions must be taken to prevent eye exposure, both in the infrared and in the visible.

Laser radar can be applied effectively where the short wavelength and a narrow beam width have an advantage.
Specific applications include2 :

" Tactical Imaging Spate m

" Musile Guidance

* Aircraft Guidance

" Sensors for Clear Air Turblence and Severe Storms
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Figure 2: A comparison of open-literature journal articles published in two fields, laser radar and Lidar, that overlap
slightly. For comparison, in 1988, there were 787 articles published in the field of robotics.

" Fire Control and Line-of-Sight Command Systems

" Satellite Tracking

" Strategic Defense Systems

" Remote Sensing of Atmospheric Constituents

Remote sensing of the atmosphere has been traditionally called LIDAR, for LIght Detection And Ranging,
originating from the use of Xenon flash lamps instead of lasers. The distinction between laser radar and LIDAR
continues today.

Figure 2 looks at one measure of activity in the fields of laser radar and LIDAR: journal articles published versus
time. Note that research in LIDAR produces more articles, and presumably more knowledge, and the advent of high-
power laser sources has enabled more research to be conducted, indicated by the significant increase in the late 1970's
and 1980's. By contrast, the number of open-literature publications in laser radar has showed little sustained growth
with spurts possibly due to increases in government funding. Comparisons using the number of government reports
or the number of patents issued versus year show the same trends. I want to make two points. First, researchers still
separate the fields: only 5-15 e:ticles per year are grouped in both categories. Second, for comparison, there were
787 journal articles on robotics in 1988, approximately eight times the number of LIDAR articles.

2. Current Laser Radar Capabilities

Now I'li discuss two examples of current laser radars. The first is . multi-dimensional COZ laser radar developed by
the Opto-Radar Group at Lincoln Laboratory. The second is a visible laser radar using a diode-pumped, frequency-
doubled Nd:YAG laser developed by the Quantum Electronics Group at Lincoln Laboratory. I note also that other
approaches to visible laser radar, namely heterodyne detection using Nd and dye lasers, are discussed in other papers
on Laser Radar at this meeting.

2.1. Infrared: CO2 Laser Radar

The CO2 laser radar can operate in a number f modes: a continuous-wave, Doppler-intensity mode, a pulsed,
range-intensity mode or a combination ("pulse-tone"). The radar is a scanning system with a continuous-wave power
of 10W, output through a 13 cm aperture, which defines the 0.2 mrad instantaneous FOV. The scanned field measures
0.7 x 0.7* or 128 x 128 resolution elements. The radar's frame rate is 1 Hs. Since the early 1980's, the system
has been housed indoors on a test-bed, as shown in the picture, in a truck, and in an airplane. Here I show three
examples of the Doppler-intensity mode taken from the test-bed. These figures show how a CO2 laser radar can be
used to obtain simultaneous Doppler and intensity information with high angular resolution. A pulsed CO2 laser
radar can yield simultaneous range and intensity information. A frequency-modulated CO2 laser radar can yield
simultaneous range, Doppler, and intensity information.
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Figure 3 shows a four-frame sequence of a car over-
taking a bicyclist. Each frame is scanned in one second.
The gray-scale encoding represents velocity relative to
the radar. The Doppler resolution is -- 0.6 mph, but the
gray scale spans larger intervals. The cyclist's legs show Figure 4 shows a similar four-frame sequence of a car
up in different shades because their relative velocity dif- overtaking a truck. The gray-scale encoding is different
fers by a few mph. The car is moving faster. Each gray but again represents velocity. Notice the front surfaces
level is modulated in intensity based on the strength of of the two right front tires of the truck are moving faster
the signal in the corresponding angular pixel. As the cy- than the truck. The range to the vehicles is about 0.5 km.
clist approaches, there is a slight tilt due to the scanning The imagery demonstrates operation in poor weather.
rate, that is, the cyclist moves sufficiently far in angle Do you see why? The truck's windshield wiper is moving
during the frame that later scan lines show a shift in and shows up in two Doppler bins. Since the aspect angle
angular position. is about 200 away from head-on, the w'.,er's velocity has

a component along the line-of-sight.

Figure 5 shows another object, this time
at a range of 2 km. The blimp happened
to be moving slightly toward the receiver,
but its entire front surface fell into one
Doppler bin. Hence, the gray-scale encod-
ing shows variation in infrared reflectance
over the surface. This is a composite of
multiple angular fields-of-view.

2.2. Visible: Nd:YAG Laser Radar

The second example of a laser radar is a visible laser radar utilizing a Nd slab laser pumped by an array of diode
lasers. A laser radar based on a solid state laser, like Nd:YAG, can be versatile because of the variety of operating
modes and radar waveforms that can be used. The shorter the pulse length the better the range resolution; the higher
the pulse repetition frequency the shorter the unambiquous range interval. For wide application, a laser radar should
have a wide range of pulse lengths and prf's. A solid state oscillator can be operated from cw to pulsed with pulses
as short as 10 ps. Pulse trains are also available inside a longer coherent envelope. In a master oscillator/amplifier
configuration, input pulses can be temporally tailored for specific applications. The alternative to short pulses to
obtain high range resolution is frequency modulation, either using an external modulator or an intracavity modulator
to utilize the large gain bandwidth.
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Figure 6: A diagram of a Nd laser transmitter operating at 1.06 /tm and 532 nm. The laser is pumped with an array
of diode lasers. The output is Q-switched to obtain fast pulses. A version with 10 W output power at 1.06 ttrm has
been built and is operated at 532 nm to allow direct detection with a photomultiplier tube.

Because of a number of properties, the solid state laser of choice is a Nd laser with transition-metal dopants (e.g.
YAG) suited for the particular application. These properties are:

- high electrical efficiency-Pumping with diode lasers, whose output wavelength is optimized for absorption
by the solid state laser and whose optical output is coupled efficiently to the solid state laser, can produce
efficiencies of 10-20 %. This high efficiency of converting electrical energy into laser light is particularly helpful
in spacecraft applicationm where decreased power and reduced thermal load are important.

• solid state design-In contrast to gas lasers, solid state lasers offer increased reliability, low-voltage drivers, and
lower volume and weight.

* operation in the visible and uv--Using crystals that can be tuned to convert a large fraction of the lasing
wavelength into visible or uv light, a system can attain high angular resolution with modest optics and utilize
direct-detection receivers, which have high sensitivity (single-photon detection) and high temporal resolution
(< 1 ns).

Figure 6 shows a transmitter utilizing diode pumping for high electrical efficiency and a slab laser for high power.
AIGaAs diode arrays are fabricated to emit in the region of 800 nm. The light is concentrated to illuminate the
Nd:xxx slab, which is operated in a Q-switched mode to obtain short pulses for good range resolution. The output
can be doubled to 532 nm to allow direct detection. A 10-W version of this system utilizes a slab laser, which is
pumped by five modules, each containing two 1-cm 2 diode arrays.

3. Two Examples in Detail

I'll turn now to two examples discussed in detail. Both use a visible laser: a mode-locked, Nd:YAG laser doubled
to 532 nrn. The first is reflective tomography. The second is 3-D imaging using a single laser pulse.

3.1. Visible: Reflective Tomography

The well-defined techniques of transmission tomography can be applied to data obtained using a non-penetrating
radiation. We call this reflective tomography. In transmission tomography, a penetrating radiation, like X-rays,
"7-rays, or positrons, is used to resolve the interior mass of an object. In reflective tomography, a non-penetrating
radiation, like microwaves, infrared light, ,r visible light, is used to resolve the surface features of an object, i.e., to
describe its shape. As shown in Fig. 7, both types use a collection of 1-D projections, taken from different aspect
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Figure 8: Laboratory for visible laser radar measurements.

angles, and combine them to form a 2-D image or slice of the 3-D object.

Our experiments 3- in reflective tomography have been conducted using an indoor range and meter-size targets,
as shown in Fig. 8. The short-pulse laser illuminates the target, and the signal is received by a time-resolving detector.
The pulse must be short enough to resolve the target into many range cells, and the receiver must be faster than the
laser pulse width. The target is on a rotator, allowing data to be acquired at any aspect angle. Taking data at many
aspect angles around 360' provides the data for tomography. The end result is a silhouette of the target in the plane
of rotation. The target is positioned so that the plane of rotation cuts the target in an interesting way. In other
words, the target is cooperative, and we know its placement and orientation, just as in transmission tomography.

The necessary feature of the laser radar is that it resolves the target in range, as shown schematically in Fig. 9.
The range resolution must be smaller than the target depth, which means that the laser pulse must be short. A
pulse of 250 ps duration yields range resolution of a 4 cm. The received signal is spread in time by the target and
depends on the target area, orientation, and reflectance as a function of depth along the line-of-sight.

The signal will vary with the orientation of the target in a predictable way, as shown in Fig. 10. Here a diffuse

cone is illuminated with the range-resolving laser radar from many aspect angles. The signals from three angles are
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Figure 10: Range temography of a diffuse cone.

graphed as intensity versus range. At 0* or head-on, the signal increases with depth along the cone axis. At 450 the
signal is stronger over a shorter projected depth. At 900 the signal is intense for a short range because the pulse
is incident nearly normal to the side of the cone. A convenient way to represent all the data taken over 3600 is by
gray-scale encoding the intensity into a display whose dimensions are range and angle. These data are the inputs to
tomography. We use the standard method of filtered back projection to produce a 2-D projection image of the cone,
shown at the lower right.

Figure 11 shows similar data for another target of interest. This shiny toy rabbit, loaned to us by a young

scientist, was rotated in the plane of the viewgraph to produce that data in the center panel. From the display one
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Figure 11: Range tomography of a toy rabbit.

can follow discrete reflectors as their projected range varies sinusoidally with angle. The amplitude of the sine wave
is the distance of the reflector from the center of rotation, while the phase represents its polar angle measured with
respect to 00. Notice that a discrete point reflects over a wide range of aspect angles and fades either because the
reflected intensity decreases or because it is shadowed by another part of the object. The fact that light is reflected
over a wide range of angles makes the tomographic technique produce a realistic image, as shown at the right. The
2-D image has high contrast.

Figure 12 shows 2-D images of three satellite models measured in the laboratory. Each image has high dynamic
range because there are large, flat surfaces with bright specular reflections as well as many small, diffuse surfaces.
The slide illustrates the use of simple data scaling to enhance portions of the wide dynamic range. The linear scale
emphasizes the specular reflections off solar panels. The log scale enhances the diffuse components more than the
linear scale did. The sum of linear and log combined with the use of thresholding produce the highest contrast.

In summary, reflective tomography using a range-resolving laser radar produces realistic images. Diffuse re-
flectance of most targets at visible wavelengths makes this possible. Although I have discussed only tomography
using range-resolving laser radar, tomography using angle-angle and Doppler-resolving laser radars has been demon-
strated.

3.2. Visible: 3-D Imaging

The final topic is 3-D imaging using the same pulsed, mode-locked Nd:YAG laser but a different receiver8 .

Figure 13 shows the concept. A short laser pulse illuminates a target, the red cone, and a 3-D detector records
the signal. At the center we see the short light pulse passing the target. At the bottom we see the images formed in
rapid succession by the detector. The two main attributes of the detector are the ability to image and to separate
images in time, which corresponds to range.

Figure 14 shows what the detector must do and the important components. The image formed on a focal plane
must be sampled, and the signal from each sample must be recorded rapidly. The logical candidate for sampling
is fiber optics. The detector with the highest time resolution is a streak camera. The important concept is one of
recording lots of information, namely the intensity on the focal plane, rapidly in parallel channels, and then holding it
for readout and processing. Let's look at the streak camera first. A single input to the streak camera's photocathode
produces an electron beam, which is accelerated and streaked to produce a column of output on a phosphor. The
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Figure 13: 3-D imaging using a single laser pulse

intensity along the streak is proportional to the intensity in time at the input. Fortunately, streak cameras can record
many signals simultaneously, so the input can be a line of inputs. The output is a 2-D array with one dimension
time and the other, input position or fiber number.

The only problem is that we want to time-resolve the pixels on a focal plane, so we use a fiber optic image
converter to map the square focal plane into a line of fibers, which forms the input to the streak camera. The array
is 16 x 16, and, with the addition of some calibration fibers, the line array is 273 fibers long.

Figure 15 shows the 3-D receiver. A lens to control the field-of-view images the signal onto the fiber optic image
converter. A relay lens images the line of fibers onto the streak camera photocathode. The streak camera provides
the time resolution and holds the data long enough for a readout system to record the signals in digital form. Finally,
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Figure 16. 3-D image of a diffuse cone.

a computer converts the signal back into a 3-D image of the target.

Figure 16 shows the 3-D image of the diffuse cone used in the tomography experiment. The aspect angle is 00

or head-on. It is difficult to project the 3-D image, so the displays are 2-D cuts along three orthogonal axes: the
range axis and two angular directions. The side and front views of the cone appear at the top and are overlayed
with lines marking the positions of the images shown below. The slices in range are shown at half scale; the others
at quarter scale. The target is mounted on a stand at the rear. Look at image 10; it shows the annular image of the
surface of the cone sliced in range. Look at image a; it shows a parabola, the result of cutting the cone horizontally.
Look at image f; it shows a parabola, the result of cutting the cone vertically, and also the target holder. These 2-D
cuts indicate the 3-D nature of the data and show how realistic the data are. The finite resolution in angle limits
the detail available from the images. However, the structure of the cone is apparent in the slices-indicating that
this laser radar can characterize the shape and orientation of a simple target instantaneously in three dimensions.
This laser radar could be used to characterize complex motions of a target by taking a series of 3-D images. It could
provide a 3-D image for machine vision. It could remotely sense an object in a lethal environment or at long range.

4. Summary

Laser radars provide good resolution in angle, range, and velocity. Bad weather impares their performance more
than in the microwave case, so uses of laser radar exploit the increased angular resolution and higher bandwidths
available at infrared and optical frequencies. Infrared and visible lasers, notably C0 and Nd:YAG lasers, are good
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illuminators, offering varied capabilities. Current systems include tactical and strategic C02 systems and short-pulse
Nd systems.
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Abstract

The real-time, quantitative measurement of specific chemical vapor concentrations in the atmosphere is an
essential capability for any test and evaluation program designed to study and monitor the propagation and
dispersion characteristics of environmentally safe simulants of toxic and potentially hazardous chemical vapor
clouds. SRI International has designed and developed a multi-wavelength CO2 direct-detection differential
absorption lidar (DIAL) system capable of providing range-resolved vapor concentration contour plots of a
1000m 2 grid at 20-m spatial resolution in 10-s intervals. The self-contained, mobile system is modular in design
and capable of detection, identification, quantification, and mapping of chemical vapor clouds having significant
spectral structure in the 9- to I1I-gm region.

The DIAL system will be able to collect and process data in both the column-content and range-resolved
modes. The maximum effective range is 5km in the range-resolved mode and 20 km in the column-content mode.
The system sensitivity to SF 6 at 1 km is 0.02mg/m 3 .

Background

Quantitative measurements of vapor and aerosol clouds in the atmosphere are essential in any test program
that evaluates detection equipment. Current vapor-sampling systems employ several hundreds or thousands of
sequentially aspirated bubblers for sample collection over a test grid. The bubbler system yields an integrated
(averaged) vapor concentration value or dosage over the sampling interval, but does not permit real-time
measurement. The bubbler vapor-sampling system, in addition, is labor-intensive; each bubbler must be (1)
filled with a fluid capable of absorbing the vapors, (2) placed at the field sampling station, and (3) retrieved after
the test. The contents of each returned sampler must then be analyzed in the chemical laboratory. This system
permits neither rapid point coverage of expanding plumes nor immediate test results. Other problems with
collected samples include sampling reliability (e.g., slip and desorption of.collected material through or from the
bubbler) and storage stability of the bubbler contents.

The objective of the differential-absorption lidar (DIAL) program is to develop and implement a real-time
quantitative measurement system, using CO2 laser lidar technology, for Dugway Proving Ground (DPG) field-
test sites. 1,2,3

Dial System Design

Design Goals

The design goals of the direct-detection DIAL system are: 4

* Self-contained, mobile operation

* Column-content and range-resolved concentration measurement capability

* Detection of any chemical vapor having significant spectral structure in the 9- to II -Wm region

* 0.02 mg/m 3 sensitivity to SF6 at 1 km

* 3600 scan capability

* Near-real-time concentration map of a 1 km x 1 km grid at 10-s intervals, with 20-m resolution.
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System Specifications

A partial list of the DIAL transmitter and receiver specifications is given in Table 1.

Table I

DIAL System Specifications

Subsystem Specification

Laser Transmitter

Lasers Four tunable, pulsed, TEA CO 2 lasers
(Questek Model 7240)

Pulsewidth Clipped with plasma shutters 130 to 160 ns
(full-width, half maximum)

Energy 1.2 J in gain-switched spike on 1OP(20)

Repetition rate 20 Hz

Wavelength 76 lines in spectral region 9.2 to 10.8 gm

Beam divergence 4 mrad

Tuning Automatic tuning of one laser, manual tuning of
three lasers

Telescope 16-inch Dall-Kirkham, f2.5

Field of view 5 mrad

Detector HgCdTe photovoltaic, liquid-nitrogen-cooled

Dial System Descrintion

Vehicle and Associated Equipment

The DIAL system is housed in a 31-ft Front Runner van manufactured by Wolverine Western (Figures 1
and 2). A 30 kW Kohler generator mounted in the rear of the van provides electrical power for self-sufficient
operation. Hydraulic jacks at each corner of the vehicle provide for leveling and stability. The vehicle includes
a custom climate control system capable of temperature control to with IC. This dual-purpose system also
supplies cooling water for the lidar package. Additional features include a built-in operator workstation and
equipment racks, maintenance workspace, and storage. An electrical load center allows the operator to monitor
electrical power and to switch easily from commercial to generator power.

ULa akage

The lidar package includes:

* Four tunable 4-J, 20IHz, TEA CO2 lasers with power supplies

Plasma shutter pulse clippers to eliminate the nitrogen tail of the laser pulses and limit the pulse
duration to 130 to 160 ns

* Transmit and receive optics

16-inch f2.5 receiver telescope

- 2-mm, liquid-nitrogen-cooled, HgCdTe photovoltaic detector with an external lens system that
results in an effective field of view (FOV) of approximately 5 mrad

* Built-in diagnostics

* Data-acquisition and data-processing subsystems.
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A full-hemispherical scanner containing two 24-inch turning mirrors and a bore-sighted video camera are
mounted directly to the lidar package. The only components not included as integral parts of the lidar package
are the laser cooler, the operator terminal, the display monitors, and the tape drive.

Figure 3 shows the laser access end of the lidar package. All subsystem controls, status indicators, and
the data subsystems are located for easy operation and access. The laser grating tuners are accessed through the
laser access doors below. Each laser can be removed through these doors for maintenance. The laser electronic
control systems are accessible through these doors without removing the lasers. Laser pulse shape, energy, and
wavelength are displayed with digital readouts and a digital oscilloscope. The detector is readily accessible from
the side of the lidar package.

Figure 4 shows the transmit and receive optics end of the lidar package. The output beams of the four
lasers are directed through four plasma shutter pulse clippers and are combined by four beam-stacking mirrors.
Most of the beam energy is directed upward to the scanner, but a small fraction is directed to the beam diagnostic
and monitoring system. This consists of a spectrum analyzer for measuring the laser wavelength, an X-Y error
monitor for monitoring beam pointing, and the transmit power monitor. The received backscatter signal is
reflected from a large turning mirror into the telescope, which focuses it onto the liquid-nitrogen-cooled detector.
The transmit and receive optics ar protected by airtight enclosures, but are easily accessible for alignment and
maintenance.

Data System

Except for the operator terminal, displays, and tape drive, the data-acquisition and data-processsing
subsystems are housed within the lidar package. The data-acquisition subsystem receives and records DIAL data
during each scan. At the end of each scan, it sends the data to the data-processing subsystem for processing and
display. The two subsystems work in parallel for the greatest data throughput. While the data-processing
subsystem is processing data from one scan and producing an output plot, the data-acquisition subsystem is
recording data from the next scan

The data-acquisition subsystem consists of:

* Computer-automated measurement and control (CAMAC) crate controller

" 40-MHz coherent clock

" Two-channel programmable gain amplifier

* Three 40-MHz, eight-bit digitizers.

One digitizer records the output energy and the waveform of the laser pulse for use in diagnostics and
concentration-estimation algorithms. The other two digitizers record the lidar returns from the high-gain and
low-gain channels of the programmable amplifier. Using the two eight-bit digitizers with different gains
achieves an effective digitization capability of greater than 8 bits of 40 MHz. The digitizers have the capacity to
store all the data from one complete scan of the test grid (125 lines of sight with a range of 1,920 m).

The heart of the data-processing subsystem is a Digital Equipment Corporation (DEC) MicroVAX-3200
computer. The DEC MicroVAX computer used for data processing also controls the operation of the entire DIAL
system. Near-real-time data are displayed on a 15-inch color graphics monitor and a graphics printer. All data
are written to a tape drive for posttest analysis and along-term storage. Detailed posttest analysis can also be
performed by the MicroVAX computer.

The DIAL system is able to collect and process data in both the column-content and range-resolved modes.
The maximum effective range (5 km is the range-resolved mode and 20 km in the column-content mode for SF 6 )
depends on the absorbtivity of the simulant and atmospheric conditions. System sensitivity to SF 6 at 1 km is
0.02 mg/m 3 .

Pulse Clinger Develooment

The pulse clippers are used to eliminate the nitrogen tail of the CO2 laser pulse to (1) produce pulse
durations of 130 to 160 ns, and (2) yield range resolution of 20 m. Figure 5a shows a typical TEA C02 laser
output pulse. Approximately 30% of the energy is contained in the gain-switched spike; the remaining 70% is in
the nitrogen tail. The presence of the nitrogen tail degrades the range resolution of the DIAL system to a
minimum range-cell size of approximately 100 m. Range resolution can be improved to a range cell size of 20 m
by clipping the pulse at the end of the gain-switched spike and thus eliminating the nitrogen tail. A clipped pulse
with the required duration of 130 ns is shown in Figure 5b.

Several kinds of pulse clippers were proposed, including saturable absorbers, electro-optical devices,
acousto-optical devices, high-speed rotating mirrors inside the laser cavity, and plasma shutters. Each technique
was evaluated for use in the DIAL system. All have been used to control the pulse duration of low-energy CO 2
lasers, but only the plasma shutter offers reliable and economic application for the higher-energy laser used in
the DIAL system.
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The final design of the pulse clippers (Figure 6) incorporates flowing gas, water cooling, adjustable
triggering, and a lens adjustment to maintain low-beam divergence when the laser wavelength is changed.

S ummary

An infrared differential-absorption lidar (DIAL) system has been developed for use on the Dugway Proving
Ground test grids and is currently undergoing final tests and evaluation. The multiwavelength CO2 direct-
detection DIAL system produces range-resolved vapor concentration contour plots of a 1 km x 1 km grid at 20-m
spatial resolution in 10-s intervals. The DIAL system can detect, identify, quantify, and map chemical vapor
clouds having significant spectral structure in the 9- to I I-Am region.
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ATNOSPHERIC WATER VAPOUR MEASUREMENTS FROM THE ENEA GROUND BASED CO2 LIDAR STATION
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ABSTRACT

Ground based differential absorption measurements of water vapour concentration were
obtained with our CO2 Lidar DIAL apparatus. We describe our initial field measurements as
well as examples of range resolved profiles.

INTRODUCTION

Since fall 1988 the first Italian CO2 Lidar facility has been installed at the ENEA
Centre in Frascati, for studies upon the atmospheric dynamics (wind, temperature, pressure)
as well as for remote sounding the concentration of atmospheric minor components (ozone,
water vapour) or gaseous pollutants. The preliminary activity of the station has been
mainly devoted to system alignment and calibration, and for this pourpose DIAL measurements
have been performed using atmospheric water vapour as a diffusive target gas.

THE CO2 LIDAR STATION

The station is based upon a large container and a dome covered tower, supporting the
send-receive telescope. 1 The site has been chosen so as to have a view over the south-
eastern metropolitan area of Rome.

The LIDAR/DIAL apparatus (Fig. 1) has been installed inside the container and its
characteristics are summarized in Table I. The two TEA CO2 laser transmitters have been

A B

ADAC

ILASER I Ab

TAB' DAC-

Is~ - MODEM FRAME

Fig. 1 - Layout of the experimental apparatus
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Table I - The LIDAR/DIAL apparatus

TRANSMITTER RECEIVER

TWO TEA CO2 LASER TELESCOPE

Emission A = 9-12 pm Type Newtonian

Pulse energy E = 1-4 J TEMOO Mirror diameter D = 38 cm

Pulse length t = 80 ns F-numoer F * 3

Beam divergence 6 = 1 mrad (f.a.) Field of view FOV = 1 mrad

DETECTOR HgCdTe @ 77 K TRANSIENT DIGITIZER

Type SBRC/PC DSP Transiac Mod 2012

Area A = ixl mm 2  Sampling 10 Msamples/s

Detectivity D* = 2x101 0 cm VHz/W Resolution 12 bits

NEP (video) NEP = lxlO 8 W

designed and assembled in our laboratory using a SFUR (Self Filtering Unstable Resonator)
cavity, a configuration which allows for high energy extraction and line by line wavelength
selection over a broadband infrared region. 2 System controls and instrument settings are
done by a dedicated personal computer, through the general purpose CAMAC interface link.
The acquired atmospheric backscattering data are transmitted via modem to a PDP 11/24
micro-computer together with ancillary environmental data for a more detailed analysis.

SIGNAL ANALYSIS AND WATER VAPOUR PROFILES

As a necessary backup to field measurements, absorption coefficients of various
pollutant and minor atmospheric gaseous components are being measured in the lab with our
lasers, as sketched in Table II. 3 The actual field activity has been started by first
testing the apparatus subassemblies and by collecting then atmospheric echoes with direct

Table II - ABSORPTION MEASUREMENTS (atm cm)-l[300K]

CO2 laser 001-020 band CO2 laser 001-100 band

line NH3  C2H4  03 line NH3  C2H4  line NH3  C2H4  line NH3  C2H4

P36 0.55 8.3 R06 0.17 P36 8.98 R06 19.41 2.45

P34 4.60 5.6 R08 1.58 0.32 P34 11.36 1.58 R08 13.35 1.09

P32 0.32 0.63 6.8 R10 0.25 0.67 P32 10.05 1.13 R10 0.61 1.55

P30 0.12 0.98 7.4 R12 0.42 0.10 P30 1.27 1.54 R12 0.32 1.74

P28 0.10 0.21 9.3 R14 0.73 0.33 P28 0.50 1.39 R14 4.46 1.47

P26 0.16 0.24 7.0 R16 8.55 0.31 4P26 0.53 1.93 R16 0.17 1.09

P24 0.32 0.34 3.9 R18 0.20 0.46 P24 0.24 2.82 R18 0.08 0.72

P22 0.37 0.74 4.5 R20 0.13 0.15 P22 0.16 1.60 R20 0.12 1.20

P20 2.72 0.44 6.4 R22 0.18 0.22 P20 0.22 2.08 R22 0.06 2.53

P18 0.30 0.65 7.9 R24 0.12 0.08 P18 0.31 3.17 R24 0.02 3.78

P16 0.25 0.21 9.3 R26 0.24 0.20 P16 0.64 4.44 R26 0.09 1.99

P14 0.40 0.09 11.9 R28 0.49 0.13 P14 0.93 R28 0.14 2.05

P12 1.04 0.14 11.4 R30 81.00 0.12 P12 0.77 4.50 R30 0.13 0.67

PlO 0.50 0.40 7.3 R32 0.86 0.08 PI 0.30 3.24 R32 0.14 1.23

P08 0.11 0.72 11.2 R34 0.32 P08 0.41 1.84 R34 0.25

P06 P06 2.49
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detection (video). Examples of signals received (actual and range normalized) are displayed
in Fig. 2.

An initial analysis shows that data are strongly affected by alignment procedures
(superposition of the two laser beams and their overlap with the telescope field of view),
as well as by the detector fine positioning in the telescope focal plane. Saturated signals
have been collected at transmitted energies in excess of 2 J, showing the need of
increasing the available dynamic range of the detector electronic, by compressing signals
with logarithmic amplifiers, as shown in Fig. 3.

First field sounding were concerning water vapour whose absolute range resolved
concentration has been obtained by the DIAL technique. The laser transmitters have been
tuned at the 10R20 (aon=8.8xl0- 4 cn- atm-1 ) and 10R18 (aoff=l.lxl0- 4 cm-1 atm-') lines,
respec-tively. At the end of each sounding cycle, the signals are energy normalized and
averaged. Typical resulting waveforms are shown in Fig. 4. The range resolved concentration
is extracted by ratioing the Mie backscattered on and off laser returns according to the
well known formula;

Poff (R) Pon(R + 8R)
N(R) = - en

28R Pon(R) Poff(R + 8R)

Averaged LIDAR Signal Range Norm. Signal

1500 . . . . . . . . . . . . .

2 5 . . . . . . . . . . . . .

1000 .. .

> ,

a) b)

500 1000 1500 2000 2500 M 500 1000 1500 2000 2500 M

Fig. 2 - Typical LIDAR echo: a) backscattered signal; b) range normalized signal
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Fig. 3 - LIDAR signal compression obtained with a logarithmic amplifier
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Fig. 4 - Lidar signals for lines 10R20 and 1OR18. Time 10:00 am. Oct.20,1989, 0 deg
elevation, T= 18 OC; RH= 72%
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Fig. 5 - Averaged signals and water vapour concentration (atm) for the 10R18 and 10R20 line
pair. Time 10:00 am, Oct.24,1989

where 8a= 0on - Goff is the differential absorption coefficient (8a= 7.7x10-4 cm-1 atm-1 ), 8R
is the path length cell and P(R) is the power collected by the detector from a range R.

Horizontal water vapour profiles have been obtained under different meteorological
conditions (Figs. 5,6). DIAL results are consistent with values measured with a
hygrothermograph placed near to the lidar station.
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Fig. 6 - Averaged water vapour concentration (atm). Time 11:00 am. Oct.24, 1989, 0 deg
elevation, T= 24 °C; RH= 52%

CONCLUSIONS

Preliminary atmospheric echoes have been collected with direct detection (video) at the
ENEA ground based station. Atmospheric humidity profiles within a useful range of up to 2
Km have been obtained.

Further improvements in operation and measurements are expected when a VAX main-frame
computer will be added, with a graphic station. Thereafter, a systematic measurements
campaign on atmospheric constituents, comprising tropospheric ozone profiles will be
started.
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Abstract

Data based on laboratory measurements, theoretical analysis and experimental field results from laser
remote sensing using the lidar technique are used to infer a relationship between the optical properties and
particle size of clouds. Ice particles are distinguished from water droplets and solid aerosols using lidar
depolarization signatures. Each category is identified with a modal diameter representing the suspended
particle size distribution. The extinction coefficients ( a ) are plotted against the backscatter
coefficients ( P ) for the different types of clouds studied, i.e. composed of ice particles, water
droplets and stratospheric aerosols. Linear relationships were found for a vs 0 and the ratio [ /1a ] or
k* ( i.e. k* = //a corrected for 4n sr ) are used to correlate particle size from the results based on
theoretical and laboratory studies. This technique is examined for its usefulness in estimating relative
modal diameters of cloud particle size distributions for the purpose of monitoring cloud evolution,
classifying clouds and to obtain additional information from simple elastic backscattering measurements.

Introduction

Remote sensing of atmospheric properties using lidar techniques such as elastic ( Mie ) backscattering and
DIAL ( differential absorption ) are now well established and reliable '-' . The lidar monitoring of fogs,
aerosols, industrial plumes and clouds in the troposphere and stratosphere is becoming routine. Macro -
physical properties such as cloud base, height, width, thickness and velocity can be easily and accurately
monitored whereas lidar monitoring of microphysical properties including cloud liquid water content, particle
size and composition represents a greater challenge. An increase in applications and interest is expected
with the introduction of compact and relatively inexpensive lidar designs. Most of these studies generate
large data bases and a definite need exists for a means of categorizing the cloud data according to a common
parameter such as particle size. There is extensive theoretical information available concerning the optical
scattering properties of particulates "'* . An important requirement is to simplify the interpretation of
light scattering from aerosol particles to obtain an estimate of their size.

The objective of this presentation is to examine the relationship of aerosol particle size and laser
scattering at the visible wavelengths near 0.5 um ( micrometers ) using laboratory and lidar measurements.
Relatively few studies have been done in obtaining microphysical properties such as particle size from Mie
lidar field measurements of clouds. Theoretical analysis and experimental results have shown that linear and
relatively simple relationships exist between laser scattering measurements and microphysical parameters' - '.

In this study samples of cloud data obtained from consistent lidar operating conditions were catagorized
according to cloud height and depolarization characteristics to differentiate between ice and water particles.
The data base for this study consisted of continuous lidar cloud measurements made during the third Italian
Antarctic expedition by the IROE/CNR ( Istituto di Ricerca sulle Onde Elettromagnetiche / Consiglio Nazionale
della Ricerche ) Lidar group as part of PNRA ( Italian National Program for Antarctic Research ).

Direct measurements from laboratory data and inversion techniques from the lidar field data were used to
obtain cloud optical parameters including extinction coefficients ( a ) ; the backscatter coefficient ( P )
was calculated in terms of the lidar equation. The extinction coefficients were plotted against backscatter
for a range of cloud types and an estimation of modal particle size was done by comparison with previous
laboratory data for water droplet fogs$ . In the laboratory studies the laser wavelength of 514 nm is
assumed to have approximately similar scattering properties as the IROE/CNR lidar wavelength of 532 nm. The
laboratory studies I indicated linear relationships between a and P which can be represented by aneffective
radius, r. . Comparison with the field measurements indicated the usefulness of this technique for
classifing clouds and monitoring cloud evolution.
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Theory

The basis for the lidar elastic backscatter analysis is the lidar equation which applies to a monostatic
single wavelength pulsed lidar used in these experiments: i.e.

P(R) = P.(ct/2)K(A/R )pexpf{-2a(R')dR'} ( 1

where P(R) is the backscattered intensity received at the detector, P. is the intensity of the laser pulse,
of duration t , c is the speed of light, K'is a constant, A is the receiver area, R is the range, P is the
backscatter coefficient and a is the extinction coefficient. In actuality, the signal received at the
detector, usually a photomultiplier, is the principal source of information. There exists a number of
variations for equation (1) which may be derived from first principles'

The inversion technique used in the lidar analysis to obtain the extinction coefficients consisted of an
iterative approach developed by the IROE lidar group whereas in the laboratory experiments, the a and 8
were directly evaluated. For a single particle the a/3 ratio is dependent on the particle size. However,
for a wide size distribution of particles the variations tend to be averaged out and the distribution can be
approximated by a simple relationship between a and P. For the case of non-absorbing clouds, the
relationship can be used to obtain an estimate of the size distribution in terms of a modal particle diameter.

a
The laboratory studies have shown that the relationships between a and C, the water droplet concentration,

are linear and related to the modal or "effective" radius, r. , representing the droplet size distribution;
i.e. a = 3C/2r.. The range of fog size distributions studied in the laboratory indicated a systematic trend
where the backscatter to extinction ratio was found to be linear and proportional to the size distribution.

Experimental

Laboratory Measurements

The laboratory measurements were designed to simulate the lidar configuration with simultaneous measure -
ment of extinction and backscattering using well characterized clouds. The experimental design is shown in
Figure 1. The arrangement permits numerous concurrent investigations into the optical and microphysical
properties of the generated clouds. The laser source was a chopped cw Argon ion laser ( 514 nm ) and photo
detectors were located in both the forward and backward directions measuring the scattering intensity.
Stable and reproducible clouds covering a range of concentrations and particle sizes were generated. Three
different size distributions were generated and characterized by their modal diameters, d6 , representing a
wide size. range of interest found in atmospheric situations. The three distributions are referred to as S,
M and L, related to small, medium and large droplets, respectively. Figure 2 shows the M size distribution
generated using an ultrasonic nebulizer ( d. = 5 um ), as an example. The L size distribution was generated
using liquid shear techniques creating droplet diameters from 1 to 50 um ( d. = 12 um ) and the small size
distribution was generated using a thermal condensation technique of a water - ethane diol solution ( d. -

0.02 um). Particle sizing was done manually.

Lidar Field Measurements

An extensive series of cloud field measurement data collected using the IROE/CNR Mie scattering lidar
located in the Italian base at Terra Nova Bay in Antarctica at ( 740 41' 42" S ) latitude and ( 1640 07'
23" E ) longitude was made available for this study. The lidar installation is part of the Italian National
Program for Antarctic Research ( PNRA ). The lidar operated daily from December 30, 1987 to February 10, 1988.
Measurements consisted of cloud base and cloud height, cloud velocity, video imaging and depolarization.

The lidar system incorporated a NdYAG laser transmitter operating at 532 nm. having an output energy of
350 mJ at a repetition rate of 4 Hz. The laser beam divergence of 0.25 mrd was monitored by a 14 inch
Newtonian telescope with a 0.3 mrd field of view. The detector system consisted of two photomultipliers and
a CAMAC data acquisition system. The lidar system maintained its alignment throughout the entire mission and
all parameters were unchanged during cloud monitoring experiments. Parallel and cross polarization back -
scatter return signals were separated with a polarizing cube into two channels. Multiple scattering was
considered unimportant and single scattering approximation was assumed due to the use of a very narrow ( 0.3
mrd. ) field of view. Continuous measurement sequences were displayed as averages over one minute intervals.
Additional details concerning the IROE/CNR lidar system and data acquisition procedures are described
elsewhere"2

Results and Discussion

The purpose of this study is to observe trends for the variations of cloud particle sizes from lidar meas-
urements and to establish a straightforward method to monitor changes in cloud particle sizes in order to
classify different cloud types for catagorization and simplification of large data bases.

Evamples of stable homogeneous cloud types for this investigation were obtained from the IROE/CNR
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Antarctic lidar data base. The following catagories of stable cloud types were examined: a high level ice
cloud (.cirrus ), a low level water droplet cloud ( stratus ) and stratospheric aerosol. The cirrus ice
crystal and stratus type clouds were identified from relative depolarization, D, measurements. The relative
depolarization is defined as ( D = SISp ) where Sr is the cross ( perpendicular ) component of the return
signal and SP is the parallel component. Clouds having a high depolarization (D > 0.1) were considered to
be composed of ice crystals having relatively large diameters. Low depolarization values ( D < 0.1
indicate the presence of water droplets. The particle size distributions of the water droplet clouds
generally have modal diameters of approximately 10 microns. The final catagory is background stratospheric
aerosol where scattering occurs from aerosols and condensation nucleii having sub-micron modal diameters.

Since a wide size distribution has the tendency to average out the scattering properties of single
particles, the distribution can be represented by a modal particle diameter ( d. ). The relationship between
the three different water droplet size distributions with o and 8 from laboratory studies' is shown in
Figures 3 a, b, c.. These results were used in the present study as an approximation for estimating the
particle size and correlating this to the trends observed.

In the Antarctic lidar experiments, linear relationships were observed for plots of extinction coefficient
vs backscatter coefficient for the stable clouds studied. The slopes of the plots will be indicative of
differing scattering efficiencies of the particles if all lidar parameters are held constant. Figures 4 and 5
are a comparison between two sets of lidar data observed during the Antarctic mission. Figure 4 corresponds
to a low level water droplet cloud ( stratus ) at a height of approximately 1 km. on January 13, 1988 observed
for one hour from 11:56 local time and averaged over one minute intervals. Figure 5 represents a high ice
crystal cloud ( cirrus ) at approximately 7 km. recorded on January 8, 1988 from 9:40 to 10:40 local time and
averaged over I minute intervals similar to Figure 4. Parts (a), (b), and (c) of Figures 4 and 5 respectively
represent the, (a) range corrected signal vs height vs time, (b) the depolarization with time and (c) the
extinction vs backscatter coefficients.

Part (a) of Figures 4 and 5 show three dimensional representations of the range corrected signal vs height
Range ) in kilometers for a period of one hour. The range corrected signals in the two figures are on

different scales as indicated on the z-axis. Figure 4 represents a dense cloud characteristic of stratus
whereas Figure 5 corresponds to a more tenuous cloud at about 7 km. indicative of cirrus. The stratus and
cirrus nature of these two clouds are further supported in Figure 4(b) and 5(b) which shows the depolarization
observed. Figure 4(b) indicates very low deploarization ( less than 4% ) indicating that this cloud is '
composed of mainly water droplets typical of stratus. Figure 5(b) shows much larger depolarization values
from approximately 5% to 50% indicating the presence of ice crystals typically found in cirrus clouds.

The extinction to backscatter ratio is plotted in Figure 4(c) and 5(c). Both of these cases exhibit a
linear behaviour extending from low to high relative cloud densities. In Figure 4(c) a straight line with a
slope a/f3 = 23 demonstrates a consistent relationship between extinction and backscatter representing a stable
size distribution of particulates. Comparing the slope with the results of reference 8, a modal droplet
diameter of approximately 5 microns can be inferred. Figure 5(c) shows a greater scatter observed in the 0r
vs $ plot with a smaller value for the slope ( a/ = 18 ) in agreement with the trend observed in Ref. 8,
i.e. larger particles show a diminished scattering efficiency and a reduced slope. For the case of Figure 5(c)
the modal diameter of the scattering ice particles can approximately be estimated to be larger than 12 microns.
Additional experimental data, particularly using ice crystals, would be helpful in obtaining a better estimate
of the modal diameter for the cirrus type cloud. Actual insitu samples from the clouds would also be useful
in this respect.

The main point of this comparison is to indicate that an estimate of the modal particle size can be obtain-
ed from the lidar measurements. The same trend is observed in the lidar data as in the laboratory experiments
where smaller particles showed higher lr/3 ratios than the larger particle . For this case, the high cloud
in Figure 5, composed of ice crystals is expected to have a larger modal diameter than the lower water droplet
cloud shown in Figure 4; this was the case observed. With additional experimentation and cloud sampling for
the determination for the precise relationship between modal particle size and of extinction to backscatter
ratio, this technique could be used on a routine basis.

For the case of stratospheric aerosol measurements, the signal levels were very low and convergence of the
inversion iteration was not attained. Subsequent correspondence with the IROE group indicated a a/8 ratio of
approximately 38 to 45 which supports the trends observcd. An improvement in the correlation was definitely
observed with increasing ar/A ratios indicating increased scattering efficiency resulting from the presence of
very small ( sub-micron ) particles.

It would be valuable to obtain data from laboratory experimental conditions using different known size
distributions at the usual lidar wavelengths for the confirmation of theoretical calculations and for
comparison to field lidar data.
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Conclusion

This paper demonstrates a straightforward technique using lidar data to estimate the relative particle
size distribution in clouds by the examination of the corresponding extinction ( a ) and backscatter (
coefficient values for different cloud types. A summary of the results is shown in Table 1.

Table 1 Summary of Results

a/ (sr) /a (sr-i) k* Relative Size
(3/a corrrected for 4n sr) ( microns

50 .020 .25 .02 Small drops

38 - 45 .026 - .022 .327 - .276 .10 Stratospheric
Aerosol

23.3 .043 .54 5 Medium IROE

Stratus @ lkm

20 .050 .63 12 Large drops

17.8 .056 .70 > 12 IROE Cirrus
at 7 km.

For cases where insitu cloud particle size measurements are made or additional laboratory results are
available, this technique can be used to establish a calibration for cloud particle size with respect to the
lidar signals observed when all lidar parameters are held constant. As seen from these results a linear
relationship exists between o" and 3 for the atmospheric clouds observed. Comparison of these results with
actual insitu cloud particle measurements will provide information about cloud dynamics and evolution. This
technique does not take into consideration, multi modal size distributions, very dense clouds or variable
conditions. The single scatter approximation is assumed since beam replenishment from multiple scattering in
laboratory studies did not occur even at high densities of up to 3 gm/m 3  . The effects of ice crystals were
not studied in the laboratory.

Since the slope is related to particle size, additional information can be easily obtained for cloud growth
and evolution by observing the change in 0*/1 with time. Further work with insitu measurements is required
to establish this procedure for the characterization of cloud types. The relationship between a and .6 can
be used for very large data bases to help in the organization and characterization of eerosols. Once this
technique is established, a specific lidar system can be used to obtain additional and more precise
information for the remotely sensed cloud.
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Figure 1. Schematic diagram of the experimental system: C, laser beam chopper;
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sampling system; L, large particle generator; N, ultrasonic nebulizer;
R, flow regulator; S, submicron particle generator.
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Figure 4(a) Three dimensional representation of lidar return signals for
a low ( approximately 1 km. ) water droplet ( stratus type ) cloud on
January 13, 1989 from 11:56 to 12:55 local time, averaged at one minute
intervals along the y axis. The height of the range corrected return
signal ( peaks ) correspond to the scale on the z axis indicating a
maximum value of 160. The lidar signal is shown from 0.2 to 4.2 km as the
x axis.

Figure 4(b) Depolarization return signals ( .005 - .04 ) for low stratus
type cloud shown in Figure 4(a).

Figure 4(c). Plot of a and P values for low stratus type cloud shown in
Figure 4(a) indicating a modal diameter of approximately 5 microns when
compared to results from Reference 8.
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Abstract

In this paper, we extend techniques of convex set reconstruction from support line measurements
and apply these to laser radar data. Specifically, the techniques are applied to both range-resolved and
Doppler-resolved data, which provide one and two support line measurements respectively. The resulting
reconstructions provide size and shape estimates of the targets under observation. While such information
can be obtained by other means (e.g. from reconstructed images using tomography), the present methods
yield this information more directly. Furthermore, estimates obtained using these methods are more
robust to noisy and/or sparse measurement data or data suffering from registration errors. Finally, the
present methods are used to improve tomographic images in the presence of registration errors.

1. Introduction

In this paper we present algorithms that provide direct size and shape estimates of targets from laser radar data.
Resolved laser radar measurements of a target provide information as to the extent of the target in space. For
example, a range-resolved measurement indicates where the target begins in range along the radar line of sight. If a
line is drawn at this range perpendicular to the line of sight, the target lies completely to one side of this line and
in fact is just grazed by this line. A line that grazes the target in this manner is referred to as a support line, and
range-resolved measurements from a number of aspects all lying in a plane yield a set of support lines. Furthermore,
Doppler-resolved measurements of a spinning target contain support line information. Given the support lines of a
target at all aspects in a plane, the convex hull of the projection of the target onto this plane may be determined by
intersecting halfplanes corresponding to the support lines.

In practice, however, the support line measurements are noisy, due to errors in determining the nonzero extent
of a resolved measurement suffering from, say, speckle effects, as well as in incorrectly registering the support lines
taken at a set of aspects to a common point. In this case, the measured support lines may be inconsistent with one
another, so that taken together there is no target having all of the measured lines as support lines. Our objective is
to estimate the target which gave rise to the measured laser radar data in some optimal fashion.

*This research was conducted at M.I.T. Lincoln Laboratory, sponsored by the Department of the Navy, and at M.I.T. under U.S.
Army Research Office contract DAAL03-86-K-0171 and National Science Foundation contract ECS-8700903.
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The basic estimation procedure presented in this paper may be decomposed in the manner indicated by Figure 1.
Given laser radar data at a number of aspects in a plane, we first extract support line information using an estimation
procedure known as knot location. We then produce an optimal estimate of the target that gave rise to the laser radar
data given the support line measurements, consistency constraints on the support lines, and any prior knowledge
as to target shape. In terms of algorithm development, the focus of the present work is on the second module. In
particular, we introduce three algorithms that utilize varying degrees of prior information. We use an algorithm
developed by others 2 13 for the first module.

The estimation procedure of Figure 1 (for each of the three algorithms of the second module) is applied to
range-resolved measurements and Doppler-resolved measurements obtained through a simulation model and through
field measurements. Furthermore, we compare the reconstructions obtained by using the present methods with the
reconstructed images produced by standard tomographic methods. On inducing registration errors, we find that the
present methods are far more robust, due to the fact that they are based on consistency constraints "hat tend to
reduce such errors. Finally, we introduce and demonstrate a method by which the tomographic reconstructions from
unregistered data may be greatly improved using our estimation procedure as a preprocessor of the data.

2. Laser Radar Data and Support Line Measurements

In this section, we describe the laser radar data to be used as input to the reconstruction algorithms (namely,
range-resolved and Doppler-resolved data). We then discuss the notion of a support line measurement, and show
that the laser radar data contain support line information. We conclude the section by describing a technique to
extract support line information from the laser radar data.

2.1. Laser radar data and problem scenario

By illuminating a target and receiving the reflected signal, laser radars provide information about the surface
characteristics of the target. Laser radars can be designed to resolve the return from the target with respect to
various quantities" 2". In this paper, we restrict attention to range-resolved and Doppler-resolved laser radar data.
Furthermore, we consider only the case of a monostatic radar, in which the transmitter and receiver are at the same
location.

A range-resolved measurement (also called a range spectrum) is one in which the return is distributed in range
along the line of sight (LOS) of the laser radar. That is, only those parts of the target that are a distance ro away
from the laser radar (with distance measured along the LOS) may contribute to the value of the range spectrum at
range r0 . Although a range-resolved measurement is ideally a continuous function of range, in practice it takes the
form of a histogram with bins of finite range extent, where each bin is referred to as a range bin.

Alternatively, for a target undergoing motion, different parts of the target may have different components of
veloc .ty along the LOS. A Doppler-resolved measurement (also called a Doppler spectrum) is one in which the return
is distributed with respect to these variations in velocity. As with a range spectrum, the Doppler spectrum takes
the form of a histogram. The value associated with a particular Doppler bin arises from the return of all illuminated
parts of the target with the corresponding component of velocity along the LOS.

The received intensity from a surface illuminated by a laser radar is dependent on the geometry and reflectance
properties of the surface. The reflectance properties are usually characterized by a function known as the bidirectional
reflectance distribution function (BRDF) 14. For the case of a monostatic radar and a surface with isotropic reflectance
properties, the BRDF is given by p(o) where 0 is the angle between the LOS and the local surface normal. In the
case where the wavelength of the illumination is large compared to surface aberrations of the target, the received
intensity is proportional to

o = 27 rJs P(0) cos2  dA, (1)

where the integration is performed over the visible (illuminated) part of the surface, denoted by S. The quantity
o is referred to as the laser radar cross section (LRCS) of the target. Hence, for resolved data, the intensity value
associated with a particular bin is proportional to the LRCS arising from those portions of the target that contribute
to that bin.

In this paper, we investigate some methods to reconstruct a target from a series of range-resolved or Doppler-

resolved measurements. Throughout, we consider only the case in which the data is taken at aspects around a
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great circle, so that the lines of sight all lie in a plane. With this restriction, the entire scenario is reduced to a two
dimensional problem in the plane containing the lines of sight. For range-resolved measurements, we can consider the
data as being obtained either with a single sensor revolving around a stationary target, or with the sensor fixed and
the target rotating, with known rotation rate, about an axis perpendicular to the plane in which the measurements
are taken. For Doppler-resolved measurements, target motion is required to resolve the target, and so in this case
we assume that the target is rotating as above with a fixed sensor.

Alternatively, we may think of the data as being obtained simultaneously by a number of sensors distributed
about the target. As we shall see, the relative positions of the sensors are needed to reconstruct targets from both
range-resolved and Doppler-resolved measurements. In addition, for Doppler-resolved measurements, we assume that
the target is rotating about an axis perpendicular to the plane of aspects, with known rotation rate. Moreover, if
the target is translating, the Doppler velocity of the target's center of gravity relative to each sensor must be known.
Since each sensor is presumably tracking the target, we assume knowledge of the necessary quantities. In what
follows, we view the problem from this multi-sensor perspective.

2.2. Support line measurements from laser radar data

Given a range-resolved measurement, the minimum range rmi,, with nonzero return intensity indicates that the
distance from the sensor to any part of the target is at least tri,. Under far-field assumptions, the above indicates
that the target lies completely oV one side of the line perpendicular to the LOS at range rmin. Moreover, since some
part of the target is at range rmin, this line actually grazes the target.*

A Doppler-resolved measurement contains similar information. For a target undergoing simple rotation with
known rate w, the Doppler frequency due to a point on the target is proportional to the distance from the point
to the rotation axis in a direction perpendicular to the LOS (also called the cross-range distance of the point).
The minimum and maximum Doppler frequencies, Dmin and Dm,, with nonzero return intensity correspond to the
minimum and maximum cross-range of any part of the target. Thus, from a Doppler-resolved measurement we can
extract two lines parallel to the LOS that graze the target which lies between them.

In the mathematical literature 1, 21, 23, lines that just graze a two-dimensional object, or set, are referred to as
support lines. Specifically, using a coordinate frame fixed with respect to a set S, the support line of S at angle 0o
(denoted by Ls(Oo)) is defined to be the line orthogonal to the unit vector W(8o) = [cos~o sin 0 0 1T that just grazes
the set (see Figure 2). The support value hs(0) is defined as the maximum projection onto w(0o) of all points in S:

hs( 00) = sup sTw(0 0 ). (2)
SES

The magnitude of hs(Oo) is the minimum distance from Ls(Oo) to the origin. From all of this, it follows that the set
S lies in a particular one of the two halfplanes defined by LS( 00).

As 00 varies from 0 to 27r, the support function hs(O) of the set S is defined. This function is continuous and
periodic with period 27r. We will also refer to the set of values of hs(O) sampled at a finite number of angles
01,02,...,OM as a support vector hs = [hs(0 1 ) hs(0 2) ... hs(OM)]T.

The algorithms of Section 3 provide polygonal estimates of the convez hull of the target's projection in the plane
of the aspect angles, given noisy support value measurements. The convex hull of a set S, denoted by cony(S), is
defined to be the smallest set satisfying S C cony(S) and -i- C conv(S), Vz, y E cony(S). Since the convex hull of a
set and its support function satisfy a one-to-one relationship (i.e., one uniquely determines the other), and since the
support function of a polygon hp(O) is completely determined by the support vector hp having support values at the
polygonal face angles, estimating hp is equivalent to estimating a convex polygon P, i.e., one for which P = conv(P).

To identify the support value(s) associated with the support line(s) provided by a range or Doppler spectrum,
a coordinate frame such as that in Figure 2 is needed. This frame must serve as a common reference for all of the
aspects, so that the sets of data may be spatially aligned, or registered.

*Note that the maximum range rmax with nonzero return intensity does not necessarily provide another grazing line. This is because
parts of the target at ranges greater than rmax may be blocked by parts of the target at lower range. Consequently, they will not be
visible to the radar and will not contribute to the target's range spectrum.
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For range-resolved measurements, the assumption that the positions of the laser radars are known relative to one
another allows us to establish such a frame, say, with origin at the average of the laser radar position coordinates
and 0' aspect defined by the LOS of the first laser radar. The resulting position and orientation of this coordinate
frame is, of course, arbitrary; an alternate choice of frame would yield support values of a shifted and/or rotated
target. Given such a coordinate frame, the support value corresponding to the th laser radar's range spectrum is
equal to the minimum nonzero range rmin subtracted from the distance from the laser radar to the origin along the
i t I LOS. The set of support values obtained in this manner for the set of laser radars forms a support vector y.

A coordinate frame for Doppler-resolved measurements is established in the same way as for range-resolved
measurements. From above, the ith sensor (at aspect 6,) gives rise to support values at 6i ± 900. Since target cross-
range is proportional to Doppler frequency after shifting the Doppler spectrum by the Doppler frequency shift Di
produced by the target's translational velocity relative to the sensor, the support values are given by -IDmn - Di1
and - IDmax - Di1, where A is the wavelength of the laser illumination. Hence, the support values arising from the
Dopper spectra of the set of laser radars form a support vector y.

Since a Doppler spectrum at aspect 9i provides two support values, at 6i ± 900, the aspects 6i and 9i + 1800
yield duplicate support values, if the support values are free of noise. For noisy data (discussed below), the duplicate
values may be averaged, thereby reducing the noise in the support measurements.

In general, this support vector y arising from range or Doppler data is noisy and may be invalid, due to two types
of measurement errors. One type of error arises in incorrectly estimating the values of rmin or Dmin and D.,. amid
noise in the range or Doppler spectra. Secondly, incorrect knowledge of the relative laser radar positions (and for
Doppler data, incorrect knowledge of the Doppler velocity of the target's center of gravity relative to each sensor)
leads to registration errors.t The reconstruction algorithms in Section 3 produce shape estimates of targets given
support vectors having these measurement errors.

2.3. Knot location

Although determining rmin or Dmin and Dm is simple if the data is noise-free, doing so for noisy data is
a quite difficult problem in general. The most obvious method-thresholding the data-suffers greatly from its
nonrobustness to noise 'spikes' in the data. As a result, we turn to a method based on a technique developed by
Willsky and Jones 24 for detecting abrupt changes in dynamic systems, and later applied by Mier-Muth and Willsky
13 to spline estimation. To cast our problem in the framework of 13, we model the range or Doppler spectrum as a
linear spline, or piecewise linear function. The points of discontinuity in derivative are referred to as knots. Our goal
is to determine the first knot in a range spectrum and the first and last knots in a Doppler spectrum.

The basic approach consists of using a Kalman filter based on a linear ramp model for the range or Doppler
spectrum. Initializing the filter with zero slope, we run the filter along the spectrum. At each bin, we use the
innovations sequence to determine a set of maximum-likelihood (ML) estimates of the slope of the ramp at the
current bin assuming that a knot was located at each of the previous bins in some finite window. Using the ML
estimates for each bin in the window, we perform a generalized likelihood ratio (GLR) test for the two hypotheses
'knot present' and 'knot absent' in order to determine whether a knot actually exists at the locations of any of the
ML estimates. The first bin for which the GLR exceeds a prespecified threshold corresponds to the first knot in the
spectrum. For a Doppler spectrum, to locate the last knot, we repeat the above process running the Kalman filter
backwards along the spectrum. Details concerning the performance of this algorithm may be found in 24, 13, and 12.

In concluding this section, we note that it is in general more difficult to locate knots in a Doppler spectrum than
in a range spectrum. This difference is due to the properties of typical target materials combined with the viewing
geometries associated with the two data types '. In particular, the values of the laser radar return at ranges just
higher than rmin are determined by parts of the target whose surface normals roughly coincide with the LOS. As a
result, 0 ; 0*0, maximizing cos 0 in Equation 1. Furthermore, since materials typically give high intensity return at
near-normal incidence and low intensity return at near-grazing incidence, the BRDF p(O) is near maximum. Hence,
range spectra generally exhibit an abrupt increase in intensity at the knot having range rmin.

In contrast, the values of the laser radar return at Doppler velocities just greater than Dmi and just less than
Dmax are determined by parts of the target having surface normals that are nearly perpendicular to the LOS.
Consequently, 1b ; 900 giving rise to values of cos 1k and p(o) that are nearly zero. Hence Doppler spectra generally

t
Errors in knowing the laser radar positions may also cause angular errors (i.e., errors in knowing the aspects). However, in this paper

we ignore angular errors and assume throughout that the aspects of the measurements are known perfectly.
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vary slowly in intensity near the two knots.

3. Reconstruction from Support Line Measurements

In the previous section, we saw that range-resolved or Doppler-resolved measurements of a target give rise to
support measurements. We also noted that exact support values at all angles characterize the convex hull of the
target. However, in general only a finite number of noisy measurements are available. In this section, we discuss
some algorithms for obtaining estimates of the target from such measurements. It appears that the problem of
shape estimation from noisy support line measurements was first studied by Prince 16, 17, 18. (Greschak ', Stark and
Peng22 , and others have done related work.) The algorithms below represent various extensions of Prince's work l.

3.1. Formulation

We model our support value measurements Y, Y2, ... , YM as consisting of the true support values of the target
hi = h(Oi) corrupted by noise. That is, yi = h, + ni for i = 1,2,... , M where the f ni} are i.i.d. samples from a
Gaussian distribution. As previously mentioned, we emphasize that by noisy measurements we mean uncertainty in
the support values and not in the measurement angles.

The noisy measurements {Yi} may not correspond to the set which gave rise to them and, in fact, may not
correspond to any set. For example, there is no object having y = [1 2 1 2 1 2 1 21T as its support vector at uniformly
spaced angles. In such a case, the support values are said to be inconsistent (or, equivalently, the support vector is
said to be invalid). Our objective is to estimate the valid support vector h that is closest to y in Euclidean distance.
The target shape estimate consists of the polygon bounded by the support lines corresponding to h.

We choose to minimize Euclidean distance in support vector space despite the fact that we are more directly
interested in minimizing some measure of distance in object space; computational considerations motivate this
choice. However, we do evaluate the quality of our reconstructions in object space, by using a quantitative measure
of the error between the true object S and its reconstruction. S. This measure of error is the area of their symmetric
difference SAS = (S U §) \ (S fn 5), and is chosen for its geometric appeal.

The estimation algorithms that we present in the following three sections arise from increasingly general formu-
lations of the problem of obtaining polygonal shape estimates from noisy support measurements. The most specific
case was considered by Prince, in which a polygon with faces at a fixed number of uniformly-spaced measurement
angles is estimated. A generalization of this algorithm results in relaxing the assumption of uniform spacing. A
third formulation consists of estimating a polygon with faces at a set of prespecified reconstruction angles that are
independent of the measurement angles. Both sets of angles are nonuniformly-spaced, in general. Fourth, we might
allow rotations of the prespecified constellation of reconstruction angles in order to obtain joint orientation and
shape estimates of objects. The fifth level of generality results in specifying only the number but not the values of
the reconstruction angles. The most general formulation is one in which neither the number nor the values of the
reconstruction angles is specified. Such an estimator would be essentially the same as the one just discussed, with
the exception that larger numbers of reconstruction angles would be penalized. In what follows, we consider the
second, third, and fourth formulations.

3.2. Reconstruction with sides at the measurement angles

In this problem, we have a finite set of noisy support measurements {Y1, Y2,..., YM} at angles 01 < 02 < ... <G M.
We seek the following solution:

M
=arg min -(y - hi) 2.  (3)

h valid .

The only problem in solving Equation 3 lies in deriving a necessary and sufficient consistency condition on h for
angles that are in general nonuniformly-spaced. Geometrically, we see in Figure 3 that given support lines Li-I and
L,+i at Gi-1 and Oi+,, a third support line at 0, is consistent only if it lies to the left of the intersection point of Li- 1
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and Li+,. Together with sufficiency as shown in 16, this leads to the consistency condition for a triplet of support

values adjacent and in general nonuniformly-spaced in angle, given by .

hi-I sin(0i+l - 0i) - hi sin(0i+1 - i-1) + hi+> sin(0- i-1) >_ 0. (4)

Enforcing this condition for all adjacent triplets yields a necessary and sufficient condition for a vector to be a valid
support vector. With such a consistency condition, we can formulate the estimation algorithm which we refer to as
NUAf:

M

h arg min E(yi - hi)' (5)
Ch>O i=1

where

- sin(O2 - Ohl) sin(91 -- O ) 0 0 sin(O2 - 01)

sin(O3 - 02) - sin(O3 - 91) sin(9, - 01) 0 0

C - 0 sin(0 4 - 3) - sin(O4 - 0) sin(O3 - 0) 0 (6)

sin(Oht - OM--1) 0 0 siu(0 1 -0 O11) - sin(O -- O.-. )

The matrix condition Ch > 0 enforces the consistency condition for all adjacent triplets of support values, so that the
estimated support vector h is valid. Since the cost function is quadratic and the constraints are linear, the solution
to this problem can be obtained using standard quadratic programming techniques 7, ". Incidentally, the space of
valid support vectors forms a cone in ]R M . Following 16, we refer to this cone as the support cone C. We may then
offer the following geometrical interpretation of Equation 5: if y E C, then h = y, and if y V C, then h is obtained by
projecting y onto C (see Figure 3).

To illustrate the behavior of NUA, we consider the following example. The (two-dimensional) target used in this
example is an isosceles triangle with vertices at (2, 0), (-0.25, 0), and (0.25, 0). We use this triangle throughout the
paper and refer to it as the 'standard triangle.' The data consist of M = 24 uniformly-spaced noisy measurements
(a = 0.25). Figures 4a,b depict the results in both object space and support function space using the estimator
IUA. Figure 4a shows the bold outline of the true object (the standard triangle), the noisy support lines, and the
shaded polygonal reconstruction produced by NUA. Correspondingly, Figure 4b shows the support function h(e) of
the true object, the noisy support values {yi}, and the support function h(0) of the estimated object. The display
conventions in Figure 4b are also used throughout the paper. The quantitative measure of reconstruction error that
we use throughout the paper consists of the area of the symmetric difference between the reconstructed object and
the true object, normalized by the area of the true object. This error is denoted by E, and for the present example
has the value E = 1.56.

3.3. Best N-gon fitting M measurements with fixed reconstruction angles

Prior information as to target shape is often available in the analysis of laser radar data. In this section, we
exploit prior information as to the angles of the target's sides, in order to obtain reconstructions of higher quality
than those we expect to obtain using NUA, which utilizes no prior information. Specifically, we consider the problem
of determining the best N-sided polygon with prespecified face angles that fits a set of noisy support values at M
measurement angles. For example, one might wish to reconstruct the best equilateral triangle given a set of, say,
twenty noisy measurements of an object known a priori to be triangular.

In formulating this problem, we let {01, 0,.... 8M }, {Yht Y2, .. , yM}, and {i, 02, ... , ON } denote the M measure-
ment angles, the measured support values at these angles, and the N reconstruction angles, respectively. Given these

1IUA is an acronym for onUnLiform Angles. The present algorithm is referred to as NUA because it is an extension of one developed by
Prince for uniformly-spaced angles.
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quantities, we wish to estimate an N-gon specified by the consistent set of support values fho(01), ho(0 2),..., h#(ON)J
which minimizes

M

J(ho(01 ), ho(0 2),..., ho(ON)) = -ho(e,) _ (7)
i=1

where ha(O) denotes the value at 8, of the support function ho(.) of our estimated N-gon. Equation 7 corresponds
to finding a set of support values at the reconstruction angles that minimizes the sum of the squared deviations
between the measured support values and the piecewise sinusoidal support function of the reconstructed polygon
(where this support function has the value ho(¢i) at Oi).

Letting OL, and 4
'Ri denote the reconstruction angles immediately to the left and right of the ith measurement

angle 0i, and letting hL, and hizi denote the corresponding reconstructed support values, we have that the support
function of the reconstructed object evaluated at 6i is given by

ho(i) = sin(OR, - 6,) h + sin(, - 'it)
sin(OR, - +)L sin(R -L)(8)

From Equations 7 and 8, our problem is formulated as

[ho(01)
hO( 

=  h 0() =arg min(AhA - y)TAhA, (9)

* Ch,>(

L hA(ON)

where y = [ Yl Y2 ... YM ]T is the measurement vector, C is the consistency matrix used in NUA, and A is an
M x N matrix mapping the M support values at the {0,} to induced support values at the { O}. The ith row of the
matrix A, corresponding to the ith measurement, has two adjacent (modulo N) non-zero entries, - and

Sin(a,-zL,)' corresponding to the reconstruction angles /Li. and 0R, on either side of 8i.

We refer to the estimator of Equation 9 as BNGON. Since the cost function in Equation 9 is quadratic in the
reconstructed support values and the consistency constraint is linear, the problem can be solved by QP techniques.
Incidentally, under certain conditions there may be nonunique solutions". However, this is not the generic case, and
we will not concern ourselves with this here.

An example of BNGON, similar to that discussed in Section 3.2, is shown in Figure 4c,d. The example consists of
reconstructing the best triangle with reconstruction angles at 7.1250 , 82.8750, and 2700 equal to those of the standard
triangle, given M = 24 uniformly-spaced noisy (a = 0.25) support measurements. The pictures in both object space
and support function space are shown, with the reconstructed object incurring an error E = 0.17 with respect to the
true object.

The BNGON reconstruction in the figure originates from the same set of measurements as the IJA reconstruction
in the same figure (i.e., the same noise realization was used), allowing us to compare the two. From a visual
comparison, it is clear that the prior information that the true object is a triangle with known face angles allows
BNGOIN to outperform NUA. This is also seen quantitatively by noting that EBIGON = 0.17 while ENTA = 1.56.

3.4. Best N-gon with fixed relative spacing of reconstruction angles

Although prior knowledge of the angles of the target's sides clearly improves reconstruction quality, the availability
of such knowledge cannot be expected in general. Here, we assume somewhat less prior information by formulating a
problem in which the relative (rather than the absolute) angles of the target's sides are known. Hence, the resulting
problem is just as before with the exception that here the orientation of the target is not known.
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Let {1,02,-...,m } and {y(01), y(02) ... , y(OM)} denote the M measurement angles and the measured support
values at these angles, as before. However, unlike before, the reconstruction angles are given by {1 + a, 42 +
a,... , OSN a}, where {fO, 02,..., ON} are known and a E [0,27r) serves as an unknown offset parameter fixing the
absolute locations of the reconstruction angles. Essentially, we wish to minimize the cost function in Equation 9,
with the exception that the estimator here is free to rotate the constellation of reconstruction angles in order to
achieve minimum cost in the estimate. That is, we wish to jointly estimate values of a and {ho(Ol + a), ho(02 +
a),... , h,(N + a)} that minimize

M

J(a, ho(0 1 + a), ho(0b2 + a),..., ho(ON + a)) = -j(ho (0,) - y(O,)) 2  (10)

where h(Oi) is given by Equation 9 and is repeated here for convenience:

ho(O,) = sin(Oji, + a - 6,) h + sin(0, - OL - a) h
sin(()' - LJ L sin(ORi-¢L,) h  (11)

and the {ho(O, + a)} are constrained to be a set of consistent support values. Unfortunately, the cost in Equation 10
is nonlinear in a and QP techniques cannot directly be used.

A 'brute-force' approach to minimize J is the following. We simply choose many values of a, solve the QP
problem of Equation 9 for each, and then choose that value of a which yields minimum cost. The major drawback of
this approach is a desired-accuracy versus computational-requirement tradeoff. Since J is sampled at finitely many
values of a (say p values), our estimate & will be somewhat inaccurate, being on average (3 60 /( 4 p))0 away from the
true minimum at,. So to achieve a reasonably accurate estimate, a prohibitively large number of QP problems
would have to be solved. For these reasons, we consider a different algorithm.

First, we define the cost function J,,(a) by

Jh,(Q) = min J(a, h,(i + a), h,(0 2 + t, ..., h,(ON + a)) (12){h,0(*,+,a))

so that the solution to Equation 10 is given by minJh, (a). Our algorithm, to be referred to as BNGONROT, essentially

consists of performing interleaved gradient ascent/descent steps and QP steps on Jh,(a) from a = 0 to a = 360*
to locate all local extrema. The solution is obtained by choosing that local minimum that yields minimum cost.

dJh (a)
Standard gradient ascent/descent requires knowledge of the gradient - . Since we do not have access to this

quantity, we use L as an approximation.Oa

Specifically, we begin at a = 00 and solve the QP problem of Equation 9. Using the estimated support values,
a1, (a)

we compute og- and perform a gradient ascent or descent step depending on whether its sign is positive or
negative, to obtain a new value of a. We are then committed to performing gradient ascent until we reach the first
maximum or gradient descent until we reach the first minimum. We then perform the following steps repeatedly:
(1) solve Equation 9, (2) compute the gradient, and (3) perform a gradient step. Once an appropriate convergence
criterion has been met (as discussed below), indicating that a local minimum or maximum has been found, we store
this value of a. We then advance by some small amount in a, and by solving Equation 9 and computing the the
gradient, determine whether our next series of interleaved steps will consist of gradient ascent or descent steps.
Performing steps (1)-(3) repeatedly, we reach our next maximum or minimum. We continue this traversal of the
interval [00, 3600) until we have located all maxima and minima, and then choose the global minimum &. Solving
Equation 9 with a = & yields the solution to our problem.

The criterion for convergence is met when either of two conditions is satisfied. The first condition is the usual
termination rule for standard gradient ascent/descent. The need for a second convergence condition is due to
the inability of standard gradient ascent/descent algorithms (and their convergence criteria) to deal with cusps
(discontinuities in slope) that can occur in the cost function Jh.(cr). To deal with this, we halve the step size A of
the gradient ascent/descent every time the sign of the derivative changes (indicating that a maximum or minimum
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has been crossed) provided that the magnitude of the derivative is sufficiently large (assuring that we are near a
discontinuity in slope rather than a smooth maximum or minimum). The second convergence condition is met when
A falls below some specified value.

Because the algorithm is based on standard gradient ascent/descent methods, modified to obtain precise solutions
near cusps, we expect that its limitations are similar to those associated with the standard methods. Most important
is the tradeoff of speed versus accuracy as determined primarily by the choice of A and the convergence criterion. For
a given desired accuracy this algorithm is generally much more efficient than the 'brute-force' approach of solving a
QP problem at each of many independently chosen values of a and choosing that value having lowest cost.

An example of a reconstruction produced by BNGONROT is shown in Figure 4e,f. The true object and measurements
are the same as before. The reconstruction forms an angle of a = 86.580 with the positive z-axis. The error E equals
0.42. Not surprisingly, the reconstruction is qualitatively and quantitatively far better than that corresponding to
NUA (see Figure 4a,b). Moreover, it is not much worse than the BNGON reconstruction (see Figure 4c,d), indicating
that not much is sacrificed in settling for a weaker prior, i.e., knowing relative rather than absolute reconstruction
angles.

4. Target Reconstructions from Simulated and Field Laser Radar Data

In this section, we apply the target reconstruction algorithms described in the previous section to laser radar
measurements of several targets, in order to obtain shape estimates of the targets. The examples presented are those
of reconstructions from sets of range and Doppler spectra obtained either through a simulation computer programsg 6

or laboratory or field measurements.

The data for the first two examples are simulated range-resolved and Doppler-resolved measurements of a cone
of height 200 cm and radius 25 cm with Lambertian reflectance characteristics. The cone is positioned with the
center of its base at the origin of a coordinate frame and oriented with its axis of symmetry lying in the zy-plane.
In order to be resolved in Doppler, the cone rotates in the my-plane about the z-axis at one revolution per second,
in a manner resembling end-over-end tumble. Measurements are taken at an instant in time when the cone's axis
is aligned with the frame's x-axis, at 72 aspects uniformly-spaced around the great circle of radius 10,000 m in the
ay-plane, and with a resolution of 2 cm for the range data and a resolution of 3.750 KHz for the Doppler data.

To reconstruct the targets, we first locate the knots by the Kalman filtering technique described in Section 2.3 and
convert them to support values. Modelling knot location errors and registration errors for each aspect by statistically-
independent samples from Gaussian distributions with variances ak and 4,9, the effective measurement error is
Gaussian, with variance a2 -- ,4 + oarg for range-resolved data. However, for Doppler-resolved data at an even
number of uniformly-spaced aspects, (1) registration errors for aspects 1800 apart are negatives of each other, and
(2) the duplicate support value measurements provided by aspects 1800 apart are averaged together. As a result,
the knot location error may be modelled by drawing samples from a Gaussian distribution with variance cr.2/2 for
each aspect. The registration error may be obtained by drawing samples from a Gaussian distribution with variance
arg/2 for aspects 0 1,0 2, ... OM2, and using the negatives of these samples for the aspects OM/2+1, OM/2+2, ... , M.
The effective measurement error is given by the sum of these two errors, for each aspect.

The support lines resulting from locating knots and corrupting the support values by measurement noise are shown
in Figure 5a for range-resolved data, with noise level Oeff = 0.50. The reconstructions produced by NUA, BEINGN, and
BNGONROT from this set of noisy support line measurements are shown in Figures 5b-d. The display conventions of
this figure will be used throughout this section. The reconstructions exhibit behavior similar to that seen for the
standard triangle reconstructions of Sections 3.2-3.4. In particular, the prior knowledge of relative reconstruction
angles allows BNGONROT to dramatically outperform NUA, but does not cause it to significantly underperform BI1GO,
which uses absolute angle information. Also, the quality of the reconstructions is rather impressive in light of the fact
that the noise level is so high, having a standard deviation equal to the full width of the target. The corresponding
results for the Doppler-resolved measurements arising from knot location error (=kl = 0.25) and registration error
(a,,g = 0.25) are shown in Figure 6.

The third example is one of reconstructing a triconic target of height 203 cm and base radius 39.5 cm (shown
outlined in Figure 7a) given laboratory range-resolved measurements. The laboratory measurements were taken
on a ten-meter indoor range at 72 uniformly-spaced aspects in the horizontal plane containing the target's axis

#In this section and the next, all Gaussian distributions are assumed to have zero mean.
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of symmetry, with a range resolution of 1 cm. See ' for details of the experimental set-up. Support lines and
reconstructions using the three algorithms are shown in Figure 7 for the uncorrupted laboratory data and in Figure 8
for the laboratory data corrupted with measurement noise (aor = 0.25).

Finally, we present reconstructions from Doppler-resolved field measurements. The target, a scaled aluminum
model of the Thor-Delta rocket body (shown outlined in Figure 9a), was rotated at approximately 1 rpm about an
axis normal to its axis of symmetry. The measurements, taken at 72 aspects in a plane normal to the rotation axis,
were made using a 10.6pm CO2 narrowband laser radar on a 5.4 km ground range, and had a Doppler resolution of
approximately 200 Hz. Details of the experiment may be found in ". Support lines and reconstructions produced
by the three algorithms are shown in Figure 9 for the uncorrupted field data and in Figure 10 for the field data
corrupted with measurement noise (aki = 0.10 and oreg = 0.10).

5. Comparisons With and Improvements to Tomographic Imaging Methods

In previous work, standard methods of tomographic image reconstruction 2 were applied to range-resolved and
Doppler-resolved laser radar data4 ' is. In this section, we compare the convex set reconstructions of the previous
section with reconstructions produced using the tomographic methods. We then examine the effect of registration
errors on both methods. As we shall see, the present algorithms are quite robust to registration errors, in contrast
to tomographic reconstructions, which are rather sensitive to these errors. Finally, we show that the robustness of
the present algorithms can be used to dramatically improve tomographic reconstructions from data with registration
errors.

All of the tomographic reconstructions in this section were obtained using the standard method of filtered backpro-
jection. (See 2 for methods of transmission tomography, and 4, 15 and references contained therein for the application
of these methods to laser radar reflective data.) Parts (a) of Figures 6-14 show filtered backprojection reconstruc-
tions from the four data sets (free of registration errors) used in Section 4. It should be noted that the Doppler
data sets were thresholded prior to being backprojected in order to improve the tomographic reconstructions. This
is necessary since the high intensities that are typically near the center of a Doppler spectrum tend to give rise to a
dominant high intensity region in the center of the reconstruction. Incidentally, we threshold the data sets prior to
backprojecting rather than thresholding the reconstructed images'themselves, since the former approach appears to
yield better results.

Unlike the convex set reconstructions (shown in parts (b)-(d) of Figures 5-10), the tomographic reconstructions
contain intensity information within the outline of the target. However, exactly what information the intensity
values convey about the target's surface is not well understood. Furthermore, the tomographic images differ from
their convex set counterparts in that they do not provide direct size or shape estimates of the target. While in
principle techniques to extract edge and shape information could be used, the usual difficulties associated with image
processing would be faced. This is especially true of reconstructions arising from Doppler data, where for reasons
suggested in Section 2.3 and described and demonstrated in s, reconstructed edges are not highlighted but are instead
overwhelmed by the high intensities that are reconstructed in the interior of the target.

Like the convex set algorithms, tomographic techniques require knowledge of a common reference point, without
which registration errors occur. The introduction of registration errors in the data has disastrous effects on the
tomographic reconstructions that result. Parts (b) of Figures 6-14 show the tomographic reconstructions resulting
from shifting the data in each spectrum by an amount given by a zero-mean Gaussian random variable with standard
deviation Oare - 0 50, 0.25,0.25, and 0.10 (with the shifts for the spectra being independent of one another, except
for the Dopper data sets, where shifts for aspects 1800 apart are negatives), and then using filtered backprojec-
tion. Clearly, one cannot expect any image processing algorithm to successfully extract shape information from the
tomographic images in these figures.

In contrast, the convex set algorithms are rather robust to registration errors. This is seen by the reconstructions
shown in parts (b)-(d) of Figures 5,6,8, and 10, obtained from data suffering from the identical registration errors as
those used for the tomographic reconstructions (i.e., the same noise realizations were used), as well as knot location
errors with the same standard deviations as above.

The difference in the robustness of tomographic and convex set methods to registration errors is due to the fact
that the convex set algorithms attempt to register the data in the recQnstruction process using implicit information
as to the consistency of the measurements. That is, in adjusting the support values to achieve consistency, the
algorithms are essentially shifting each range or Doppler spectrum such that the sum of the squares of the shifts is
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minimal and such that the set of shifted laser radar data is registered data for some target.

In fact, we may exploit this registering property of the convex set algorithms as an aid to tomography, for data
sets with registration errors. Specifically, we start with a possibly inconsistent set of measured support values {yi},
which are estimated from the laser radar data by knot location. If we have no prior information as to the target's
shape, we use NUA to obtain a consistent set of support values {h.}.. If we have prior shape information, we use
BNGON or BNGONROT to estimate a consistent set of support values at the reconstruction angles, and then sample the
(piecewise-sinusoidal support function of the reconstructed polygon at the measurement angles to yield a consistent
set of support values {hi}. Then, given the {hi} and {yi}, we shift the iLh range or Doppler spectrum by an
amount hi - yi, for all values of i. The resulting registered data set is then processed tomographically by filtered
backprojection.

Parts (c) and (d) of Figures 6 and 12, parts (c)-(e) of Figure 13, and part (c) of Figure 14 show the tomographic
reconstructions that result using this process. Quite clearly, the improvement in the tomographic images is dramatic.
The tomographic reconstructions resulting from preprocessing by each of the three convex set algorithms are not
included in some of the figures. In the cases that the reconstruction corresponding to BNGON was omitted, it could
not be distinguished from that corresponding to BNGONROT. In the last figure where reconstructions for both BNGON
and BNGONROT were omitted, they were indistinguishable from that corresponding to NUA.

6. Summary and Suggestions for Further Work

In this paper, we have introduced a method by which target shape estimates may be directly obtained from
resolved laser radar data. The reconstruction process consists of first extracting what are known as support line
measurements from the data, and then producing a shape estimate using the support line measurements, employing a
consistency condition on the set of these measurements, and prior information, if available. We have presented three
algorithms utilizing varying degrees of prior information, that serve as the second stage in the reconstruction process
just outlined. Their application to laser radar data obtained through simulation and through field measurements has
been demonstrated.

The reconstructions obtained through use of the present algorithms were compared to those produced by tomo-
graphic imaging methods. First, shape estimates are explicitly provided by our algorithms, as opposed to tomographic
images, which can provide target shape information only after image processing techniques have been used. Second,
we investigated the effects of registration error on both methods and found that the tomographic methods experience
substantial degradation, unlike the present methods which are rather robust. These observations motivated us to
exploit the tendency of our algorithms to correct unregistered data, in an effort to improve the quality of tomographic
images.

Our work may be extended in a number of ways. Upon relaxing the restriction that aspects lie in a plane and
allowing general aspects in three dimensions, shape estimates of a target (rather than those of its projection onto a
plane) would be obtained. In addition, the application of our methods to two-dimensional laser radar data resolved
in both range and Doppler may provide three-dimensional target shape estimates. Extending the viewing geometry
to allow bistatic observations would prove useful as well. Finally, Prince obtained improved tomographic images by
utilizing convex set reconstructions as prior information available to the tomographic algorithms. By coupling the
data registration technique of the previous section with Prince's methods, we could expect further improvements to
the tomographic images.

A variety of extensions to our reconstruction algorithms might be made. One such extension may consist of
developing more general formulati ',s of the best N-gon algorithm as discussed in Section 3.1, so that the use of
less stringent prior shape information could be made. Another example might be the development of algorithms
that provide smooth shape estimates of targets, as opposed to the polygonal estimates that are provided at present.
Perhaps an estimation procedure using a polynomial or a bandlimited Fourier series representation of the support
function could be used for this purpose.
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Figure 1: Block diagram of reconstruction procedure.
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Figure 2: Support line of a set.

Figure 3: (a) Support line consistency is achieved only if Li does not lie in the invalid region, shown hatched and to
the right of the dashed line at angle 8j. (b) Geometry illustrating the projection of the invalid support vector y onto
the support cone C.
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Figure 11: Tomographic reconstructions from simulated range-resolved measurements of a cone. acff = 0.5.
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Figure 12: Tomographic reconstructions from simulated Doppler-resolved measurements of a cone. 011= 0.25.
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Figure 13: Tornographic reconstructions from laboratory range-resolved measurements of the triconic. o,.f = 0.25.
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Figure 14: Tornographic rcconstructions from field Doppler-resolved measurements of the Thor Delta rocket body.
-k Oreg =0.10.
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SCALAR REFLECTANCE
Richard Anderson
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Abstract

This paper indicates that the reflectance of a non-ideal statistical target is a
(4x4) Mueller matrix. The usual reflectance measured is the bidirectional or biconical
reflectance and is a function of the incident and the emergent angles (eiii;Or,r) and
the polarization of the incident light beam and the state of polarization passed by the
analyzer placed before the detector. In most scattering experiments the reflectance is
treated as a scalar number and this paper will attempt to relate this scalar number to a
certain combination of reflectance matrix components depending upon the polarization
states of the polarizer and analyzer. In many backscatter experiments the reflectance and
BRDF are measured, but it could also include the measurement of the atmospheric aerosol
volume backscatter coefficient.

Introduction

The classical definition of the reflectance is the ratio of the reflected to the
incident flux and is a scalar quantity. This definition is incorrect for unpolarized
light reflected from a surface becomes partially polarized. Polarized, coherent laser
source are used in most experiments and the incident light is represented by a definite
(4xl) Stokes vector. This light is scattered by the target and the light intensity and
polarization are changed, so the emergent flux is represented by a new Stokes vector. The
interaction with the statistical surface is represented by an average interaction (4x4)
Mueller matrix. Depending upon the experiment being performed this definition can define
a definite type of reflectance, BRDF, or aerosol backscatter coefficient. When coherent
sources are used the emergent signal contains two polarized components, the incoherent
signal scattered from each independent surface scatterer and a polarized interference term
which is gives rise to the speckle pattern observed at the detector plane. In order to
reduce this speckle component the target is transversely translated, rotated, or tilted in
a continuous manner to decorrelate the phase and reduce the speckle.

Light scattered from the diffuse statistical target may exhibit diffuse,
retroreflected, off-specular, and specular reflected light1 . Retroreflected and specular
reflected light show strong polarization correlation with the polarized incident source
and the off-specular light exhibits a weaker correlation. As a result, when polarized
light is scattered from a diffuse statistical surface or is transmitted through a
statistical phase screen, a vector-matrix theory must be used to analyze the data and the
classical scalar theory is inappropriate.

Vector-matrix Theory

The scalar theory of radiometry was described by Nicodemus, et al. 2 for nine
different irradiation geometries. This theory will be extended to the vector-matrix form.
In radiometry the bidirectional reflectance and BRDF matrices are of most interest. The
emergent polarized flux and the incident flux on ths target can be equivalently described
in terms of the reflectance and the BRDF matrices. Only the bidirectional and biconical
irradiation geometries are considered.

Figure 1 shows the irradiation geometry used to measure the bidirectional and BRDF
matrices. The target is assumed to be translated, rotated, or tilted to decorrelate
speckle. An incident polarized flux represented by the Stokes vector di(0 1,01 ) is
incident within a solid angle dwj at angles (8j,01) upon an area dAj of the target. The
emergent flux Stokes vector d~r(Or,Or) is measured within a solid angle dwr at angles
(Or,0r). The vector-matrix equation for the polarized emergent flux is

dlr(Or.or)=P(Oi,01:;ror)dii(oi,01) (1)

where P(0i,0;Or, Or) is the bidirectional reflectance matrix which changes the magnitude
and polarization of the emergent flux. In Nicodemus'2 theory p is a doubly differential
quantity and is designated dp, but this is a clumsy form in the vector-matrix theory.
Equivalently the emergent flux is expressed in terms of the incident radiance as
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dtrCOrOr)=P('i,0I;er,r)LI(Gj,i)Cos(Gi,0i)dwjdAI (2)

where Li is the incident radiance and dlj=Cos(0i)dwi is the projected solid angle. The
emergent polarized flux can be equivalently be expressed in terms of the BRDF matrix and
the vector-matrix equation is

/Z

Ig

Figure 1. Irradiation Geometry.

d~r(Or0¢r)-f(ei,0I;er0¢r)Li(i,.i)CosOiCosrdwidwrdAr (3)

In backscatter Gr=01- and Or=i and the corresponding emergent backscatter flux expressed
in terms of the bidirectional reflectance and the BRDF matrices and the incident polarized
flux is

d~rOi-7, O)=P(01, 0; i-7, i) i(0i,Oi CosoidwidA i  (4)

or

d~r(l-r,i)=([ l81,01;O1- ,OilEi(Oi,oilcos~idwl]CosOrdwrdAr} (5)

In most experiments finite irradiation and observation solid angles are used because
of the source and detectQr size so the biconical reflectance is measured. In this case an
incident polarized flux #i(wi) is incident within a solid angle wi about angles(oGji ) on
an area Ai of the target. The emergent polarized flux ir(wr) is emitted within a solid
angle wr about angles (er,Or) on an area Ar. Then

ir(wr)=P(w;wr)i1(w) (6)

and in terms of the bidirectional reflectance matrix the last equation is

ir(r)=f f P(e Oi;Or'r)Li(O1 0i)COsOiCOsOrdwidwrAi (7)
Wr Wi

and in terms of the BRDF matrix it is
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ir(wr)-fJ f- i(6j ,0 i 6r' r)Ei (8iO)Cj OSrwjw~ (8)

In the backscatter case these equations become

ir(wr)=1fr If POi,Oi;9i- ,Oi)Li(9i,Oi)Cosidwi]COSgrdwrAi) (9)
Wr ~i

or

ir(wri'.(f wrIf f (Oj,0j;e1 -Ti,0)-Li(ei,O)COsOldjcordr) (10)
Wr Wi i~O~dr

where the solid angle is dwr e d,, because of difference in detection geometry.

Reflectance Backscatter Measurements

Most investigators desire only a number for the bidirectional reflectance or BRDF to
completely characterize the target. In reality the number is a (4x4) matrix which depends
upon the polarization of the incident light and the polarization state of the analyzer
placed before the detector and upon the angles of irradiation (8j, 0j)and the angles of
observation (8r, r). The relative bidirectional reflectance matrix components can be
measured by a variety of techniques3- 1 0 involving a polarizer, analyzer, and two or more
modulated compensators (Pockel cell, photoelastic modulator, or rotating compensator).
These modulation techniques allow the first component of the Stokes vector to be
determined and by Fourier analy zation the relative matrix components are evaluated. The
technique of Thompson, et. al.lU is shown in figure 2(a). The target is transversely
translated, rotated, or tilted to decorrelate speckle. In order to obtain the matrix
components of the target transmission and reverse transversal reflection matrix components
of the beamsplitter must be determined and the experimental arrangements shown in figures
2(b) and 2(c). The vector-matrix equation for the systems shown in figure 2 is

dir(Or,Or)=f4A i4  i3  AX A2  il ip d$1(e1,O1 ) (11)
Y=0o 7=450 =0o 1=450 Y=00 Y=900

w4 w3 w2 W1

where Ml1,2 3,4 are the modulator matrices, u 2,3.4 are the modulation frequencies,lis the
angle the transmission and fast xis makes with the horizontal, and MX is either the
beamsplitter transmission matrix MT, the beamsplitter reflection matrix MR, or the total
target matrix-MS . MS is

MS=HRP (e1,01; r,Or)iT (2

so

p(Gj,01;0r,Or)=iR-r'sAT-1 (13)

This last equation indicates the necessity of measuring the beamsplitter matrices MT and
MR. The Fourier frequencies and the various matrix components measured at these
frequencies are given in table 1.

Reflectance As A Scalar Number

In this section it will be shown that the polarization of the incident light and the
detected light determine the value of the detected Stokes vector's first component. In
this discussion the beamsplitter on transmission and reverse reflection will only
attenuate the beam and can be represented by the matrices MT=kTI and MR=k I. The detector
will be assumed polarization insensitive. The detected backscatter flux is

(,7,(3 idi (a, ) (14)
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where MA is the Mueller matrix of the analyzer and dii(01,0i) is the incident polarized

flux on the target. Only some of the possible incident and emergent states of
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Figure 2. (a) Apparatus to measure scattering matrix * S by

Thompson &t a.10 (b) Arrangement of components to

measure MT. (c) Arrangement of components to measure-

MR.
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Table 1. Typical Fourier Frequencies and the Corresponding

Amplitudes from the Signal Ratio 4d~r1 /dfi

Frequency Amplitude

d.c. M11

2wl 2MX1 2J2 (60)

wl~w22MX1 3J1 (80)2

wl+2w2 2MX14 Jl(6O)J2 (60)

2w4 2MX2 1J2 (So)

2(wl+w2) 2MX22J2 ( 60)
2

wl+w2+2w4 2MX23JI (60 )
2 J2 (60)

wl1+2w2+ 2w4 2MX24 J (So) J2 ( &0)2

w3+w42MX31J1 60S) 2

2wl+w3+w4 2MX32 J1 (80 )
2 J2(80)

wl+w2+w3+w 4  
2MX 3 3 JI (6)

wl+2w2w3+w42MX34I (O 3 J2 (SO

2w3+w4 2MX 4 1JI(SO)J2(60)

2w2+ 2Uw3+w4 2MX 4 2 J 1 (60)J 2 ( 60) 2

wl+w2+2w3+w4 2MX43Ji ( 6o)3 J2 (60S)

wl+ 2 w2+ 2w3+w4 2MX44JI (60)2 J2 ( 65 ) 2

where AX is MT, AR, or Ms

and

f4S=RRP(ei 0i ;er,Or)MT

Also

60=2.404 so O 80=
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Table 2. The Emergent Flux and the Matrix Components of the

Reflectance Involved in the Classical Scalar

Reflectance, Classical Reflectance Defined as

p=dtr/kTkRdti

Horizontal-Horizontal -450--450

P=P11+P12+P21+P22 P=Pll-P13-P31+P33

Horizontal-Vertical -45 ° -+450

P=P1+P12-P21-P22 P=Pll-P13+P31-P33

Vertical-Vertical +450-Aperture

P=Pli-P12-P21+P22 P=Pll+P13

Vertical-Horizontal -450 -Aperture

P=Pll-P12+P21-P22 P=P11-P13

Horizontal-Aperture Right Hand-Right Hand

P=Pll+Pl2 P=Pll+P14+P41+P44

Vertical-Aperture Right Hand-Left Hand

P=Pl-Pl2 P=Pl+P14-P41-P44

+45o-.-450 Left Hand-Left Hand

P=Pll+Pl3+P31+P33 P=Pl-P14-P41+P44

+45o--450 Left Hand-Right Hand

P=Pll+P13-P31-P33 P=Pll-P14+P41-P44

Right Hand-Aperture Left Hand-Aperture

P=Pll+Pl4 P=P11-P14

Each p is a function of the input and emergent angles or solid

angles depending upon whether the bidirectional or biconical

reflectance is measured.

polarization are considered and the states are horizontal, vertical, +450 to the
horizontal, -450 to the horizontal, right hand circular, and left hand circular polarized
light and the simple aperture of the detector. In the table the first term in the title
corresponds to the polarization of the incident light and the second to the state of
polarization of the analyzer before the detector. The aperture corresponds to the unit
matrix.

Depending upon the exact nature of the experiment it must be remembered that the
matrix to be determined may be the reflectance, BRDF, or in an atmospheric backscatter
experiments the volume backscatter coefficient of the aerosol.
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Summary

A vector-matrix theory has been presented and should be used in scattering
experiments to determine the reflectance, BRDF, etc. matrices. One experimental technique
is reviewed which could be used to determine the matrix components. It is shown that the
scalar reflectance measured by many investigators depends on the polarization of the
incident light and the state of polarization of the detected light and it is a different
linear combination of the matrix components depending upon the polarization states of the
incident and detected beams. Also the reflectance, BRDF, etc. are functions of the angles
of incidence and the angles of observation.
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FLUORESCENCE REMOTE SENSING OF VEGETATION AND SOILS OF THE

MOUNTAIN ECOLOGICAL SYSTEMS BY A LASER LIDAR TECHNIQUE
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Abstract

The helicopter--boarded original pulsed laser-spectrometer with automatic PC-monitoring
has been used for a fluorescence remote sensing of the open soils and of the natural as
well as argricultural vegetation in the conditions of a mountain country. The specific
spectra of fluorescence from different objects have been obtained and identified.

The fluorescence remote sensing of the vegetation and soils is very informative method
for a study both of the physiological processes in the plants on the cell level and of
the organic minerological composition of the soils [1]. In contrast with measurements of
the reflecting parameters of the natural objects when the geometric factors play a signif-
icant role, this technique has a direct connection with internal physical processes being
studied in the objects, in particular with the mechanism of the light-induced excitation
of the organic mineral substances in the molecules. The measurement parameters for the
fluorescence technique are the spectra cf photoluminescence as well as the characteristic
decay times of the excitation of the molecules. These two independent parameters which
can be measured simultaneously, allow to carry out the detailed analysis (including the
quantitative measurements) of the different types of the vegetation and soils for their
classification and identification.

In the presented paper we perform the first aspect only of this study, i.e. the
photoluminescence (fluorescence) spectra of the vegetation and soils of the mountain
ecological systems by a laser lidar technique.

The helicopter-boarded original laser-spectrometer with automatic PC-monitoring [2]
has been used for a fluorescence remote sensing both of the open soils (nearby the lake
Sevan) and of the soils under natural as well as agricultural vegetation in the conditions
of such mountain country as Armenia. The optical scheme of the system consists of the
irradiating (laser) and detecting (telescope and polychromator) parts being disposed
along the same axis (collinear scheme of excitation and detection). The linear aperture
of the telescope was 260 mm (spot size of the sensing beam). The wavelengtT of the pump
intensity were the second, third and fourth harmonics of the pulsed YAG: Nd laser
(the wavelength X = 1.06 nm), namely 532, 355, and 266 nm with pulse energy 26, 6, and imJ,
accordingly. The pulse duration was -15 nsec; the repetition frequency was up to 25 Hz.
The spectral range of the sensing determined by the polychromator, is composed of the
bandwidth 350 - 800 nm with 12.5 nm resolution. Any 22 discrete portion (with the same
bandwidth 12.5 nm) of the whole spectrum have been brought out on photomultipliers by
fiber branches. Thus, we had a multichannel detection system of optical spectrum with
22 channels. The signals from the photonultipliers were transformed by the analog-code
transformer and inserted in the memory of the PC computer. Thus, the spectra of back-
scattering radiation excited by a single laser pulse could be written in our case. The
possibility of summation of the fluorescence spectra from the different laser pulses over
the fixed program was used (important for the homogeneous irradiated surfaces).

The special standard light source of nanosecond pulses placed before the entrance of
the telescope and representing a model source like the back-emitted radiation was used
as a calibrator; by the variation of the amplification coefficients for each opto-
electronic channel, the correspondence of the spectrum on the exit of the system to the
real known spectrum of calibrator has been obtained. Both fluorescence intensity spectra
from the studied objects and the spectra of natural reflected noise are detected simul-
taneously during the measurements.

* Division of Laser Technique, Yerevan State University.
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The study of temporal characteristics (the decay times of fluorescence over the depth)
demands the detection of the pulse shape during the radiation. The special electronic
system has been used for that and the spatial resolution of im was obtained [2].

The average altitude of the helicopter flight was 70 - 200 m over the surface; the
velocity was about 30 m/sec. Apart from the fact that the maximal intensity fluorescence
corresponds to the flights at early morning [1], we have realized the flights at the hours
of the day because of the technical reasons. The measurements have been carried out in
October 1988.

A preliminary express visual analysis of obtained spectra reduce to the following*.
Four characterisitic cases are verified: (1) the open [ploughed up or not] soils;
(2) the soils being under natural (dry or juicy)vegetation; (3) the soils with the
continuous layer of the cultural (or natural) plants, and finally, (4) the forest areas.

The specificities of fluorescence spectra for these cases are determined, on the one
hand, by the fact that for the open soils with small quantity of the organic substances
the mineral compositions play a principal role. But even for this case the existence
of organic materials in the soil, e.g., of the humus in dark-brown or in black earth,
is manifested exactly in obtained spectra. On the other hand, for soils with vegetation
the spectrum parameters are determined by the total quantity of the green biomass, bio-
chemical and physiological compositions and processes in the plants, quantity of water
etc., but also by the layer soil surface. So, the detailed interpretation of the
fluorescence spectra is a very complicated problem and we can speak about the specific
tendencies and general behavior only. Typical series of obtained fluorescent spectra
for mentioned above cases are shown in Figure 1 - 4.

The series in Figure 1 correspond to open soils, la is the brown semi-desert earth;
lb is the same but for ploughed up soil; lc is also ploughed up soil but dark-brown
(black) meadow earth.

The series in Figure 2 correspond to the soil with natural vegetation: 2a is the
mountain subalpine soils under the faded vegetation; 2b is the green juicy plants
(meadow-marchy vegetation).

The series in Figure 4 correspond to the forest area; 4a is the green leafy woods
(100%); 4b is the same but when the area was irradiated by a pump of second harmonic
(X = 532 nm) of the fundamental laser radiation.

All the spectra types exhibit fluorescent emission in the blue range around the wave
length 450nm. This characteristic band (440 - 480 nm) of fluorescence has been observed
in many earlier studies (see e.g. [1]). The identity of the pigments responsible for the
fluorescent maximum at 450 nm remains to be definitely established [1]. The fundamental
substances being responsible for fluorescence in that range are probably the reduced
piridinnucleotides and oxidated flavor proteins. These substances are in all cells of
the plants and determine energetic processes in the cell.

Another characterisitic band of them is a green range at 525 nm (510 - 540 nm) but our
measurements do not show exactly such line on the spectra. The small local maximum in
this range is manifested in Figure 3a (and maybe in Figures 2a and 2b) only.

This fact probably supports the proposition existing in literature that the maximum
at 525 nm can be connected with vegetation of wood and faded vegetation [3]. The
definite role have to belong to mineral substances of the soil. In fact, the measurements
on the isolated plants in laboratory conditions do not manifest this band of fluorescence
[4]. On the other hand, the existence of mineral (and other) additions can result in
absorption of fluorescence radiation.

The universal meaning for obtained spectra has a maximum in yellow range at 552 nm
(especially this line is allotted in Figures la, 3b, and cd). Analysis shows that the
maximum concerns just the properties of the soil and characterizes the mineral substances
in it. In fact, figures la, 3b, 3c and 3d describe the open soils in the significant
parts with a small magnitude of concentration of organic materials. In contrast, the
soils with great ratio of the organic substances (see e.g. Figure ic) or with a continuous
layer of vegetation (figure 2b and 4a) have no such peaks in fluorescence.

*We discuss here the reults when we used as a pump the third harmonic (X = 355 nm) only

of the fundamental laser radiation.

619



The maxima in red range of spectrum around the lines 691 and 717 nm are easily
identified practically in all spectra (the best case is in Figure 3b). This result
is very well known and shows the fluorescence of chlorophyll in the plant cells (both for
open vegetation and for organic materials in the soil). The observable fluorescence in
this range is a universal evidence of the vegetative biomass because the chlorophyll is
a fundamental pigment of photosynthesis [5]. The variation of the fluorescence intensity
in this range is effective method of controlling the different mechanisms of the light
energy migration in pigment systems and gives a good technique for study of them [6, 7].
E.g., the visible suppression of this spectrum in Figure 3a can be explained by high
effective migration of the light energy over the chains of photosynthetic apparatus in
winter-wheat.* (so, the energy dissipation in the form of fluorescence is small enough
for this case)[3]. In contrast, the want of the water decreases the efficiency of
photosynthesis and so, the fluorescence of chlorophyll is increased sharply (cf. Figure 2b)
[8].

We can declare that our results show a specific difference between two lines at 691
and 717 nm. In fact, a simultaneous arising of these two peaks are more characteristic
for open green vegetation (see Figures 2b, 3a, 3b, 3c, and 3d); as to open soils (visible
green vegetation-less earth) the second peak (at 717 nm) only is manifested (Figures la,
Ic, and 2a). Note, that the scattering of the data and deviation of characteristic lines
of the spectra could be due to the type variety of the plants for each group [1](see
e.g. Figures 2b, 3c, 3e). As to a local maximum at 541 nm (see Figures lb, 1c; 3c, 4b)

it can be introduced as corresponding to integral fluorescence from both organic and
mineral parts of the vegetativeless soils and to more fine reasons [4,9,10]**.

It is interesting to compare two fluorescence spectra from different pump radiations

(355nm - Figure 4a, 532nm - Figure 4b) fDr the forest area. Because of the energy
conservation law the range of fluorescen:e meets a dramatic change: it shifts to the side
of high magnitude of the wavelength***. The Specific chlorophyll lines are manifested
very well in Figure 4b. The range about 650 nm can be also explained by the Raman
scattering intensity in water [2] (cf. Figures 2b and 4b).

The analysis of obtained data has beei carried out at the qualitative level and
allowed us to identify the states both of soils and types of vegetation. This is a
general but initial step of study of these problems and we discussed the preliminary
results only. But even the problem of early prognosis of the stress states of the plants
as well as of the detection of biomass and the plants phase development demands more
detailed and consequential (with continuous variation of the investigated sign)
measurements****. Such complete study is not developed yet[l]. Universal method of
identification of the vegetation types by the laser fluorescence remote sensing technique
does not even exist for the present time.

The identification of vegetation is based on the large enough and fundamental classes
of the objects, i. e., vegetation of grass (monocots and dicots), of wood (leafy and pine),
of water [3]. Out data concern 41 general to the former class only and the specification
of the different structures in . frame of this class has been done. We showed that the
approach useful for preliminary .±sual classification.

The next step is to find the quantitative parameters of this classification by means
of mathematical data processing. Good results could be obtained by the correlation
technique and by the image decoding (c.f. [11, 12]).

The relatively brief and simple analysis for identification of objects can be done using

the mutual correlative (linear) coefficient K which shows the degree of the coupling of

two stochastic values [12]. The decoding of the measured spectra is produced by a com-

parison of them with standard known (or initial) spectra (over discrete couple points of

two spectra in the same range) being in the memory of the PC and composing the alphabet

of the distinguished classes. If "K"=l the shochastic values are comnletely correlated,

if "K"=0 they are not.

*That also can lead to the shift of the fluorescence maximum (e.g., in Figure 3a

the line at 666 nm arises instead at 691 nm).
**The line 6111 nm is manifested for open soils; the existence of vegetation on soil

suppresses this peak.**Th should be satisfied.
***The following condition Xfluorescence pump

****For the soils the investigations are practically absent.
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Here, we cite one example of the analysis made by us for demonstration only (cf. [2].
Our measurements of the spectra of two forests lead to the magnitude of Kt1*. As to
comparison of the spectra of the forest and e.g., seaweed of Sevan lake (cf. Figures 4a
and 2b) we obtained K= 0.39 - 0.61. So, in fact, this approach is informative enough
and can be used for numerical identification. The most interesting application of it is
to study the variations of the objects in dynamics, e.g., over the different seasons or
due to ecological pollutions.

In conclusion, the helicopter-boarded original laser-spectrometer with automatic
PC-monitoring has been used for a fluoresecence remote sensing both of the open soils
and soils with vegetation (natural, agricultural and forest). The classification of the
types of vegetation soils may be done by this technique including the quantitative
parameters.
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DEVELOPMENT OF A LOW-COST DIFFERENTIAL-
ABSORPTION REMOTE SENSOR FOR HYDROCARBONS

Jan E. van der Laan, Clinton B. Carlisle, and Joseph Leonelli
SRI International

333 Ravenswood Avenue, Menlo Park, California 94025

Abstract

A remote sensor system for hydrocarbon detection applications has been developed by SRI International.
The HeNe laser based system operates at 2.39 and 3.39 gm wavelengths. The 3.39 gm wavelength is highly
absorbed by hydrocarbons (such as methane, propane, butane,and ether) while the 2.39 gm wavelength is
nonabsorbed. The I gm spacing between laser lines, a rather large separation for differential measurements, is not
a significant problem, since natural atmospheric constituances effect both wavelengths nearly equally. Systematic
and minor atmospheric anomalies are cancelled out prior to operation by a simple balance adjustment.

Evaluations are being conducted over a 300 m test range at SRI, and longer-range tests are planned. The
system uses retroreflectors placed at the far end of the test range and interrogates the path between the system and
target. A sample chamber with quartz windows is placed in the laser beam anywhere along the path for calibration
of sensitivity. Free releases of gas are also used for demonstration purposes. The system has a scanning mount
and can be programmed to scan between a number of targets to provide area coverage. It is envisioned, because of
the low cost per system, to use several units in a tomography configuration to provide grid area coverage.

Background

Since the early 1970s, SRI International has pioneered the development of ultraviolet (UV) and infrared (IR)
differential absorption light detection and ranging (DIAL) remote sensing systems (Ref. 1 through 7). For the
most part, the systems developed are range-resolved DIAL systems, which provide plots of concentration versus
range. These systems employ relatively high-energy lasers and sophisticated data-acquisition systems that require
highly trained personnel to operate them. SRI has developed a remote sensor system that is relatively simple to
operate and is low cost when compared with alternate approaches to achieving the same area coverage. The
hydrocarbon sensor system can be used to measure changes in the ambient levels of hydrocarbons (such as natural
gas, methane, propane, butane, and ether) out to ranges of 1 km. The system operates in the column content mode
and requires a retrorefelector target at the far end of the path of interest. Plume location and direction information
can be obtained for a tomographic grid area.through measurements along multiple paths by two or more sensor
units. The system provides real time information and a data storage capability for evaluation and documentation.

System Description

The Hydrocarbon Sensor System (Figure 1) consists of three units:

. Sensor Subsystem

. Scanner Platform and Interface Unit
0 Control- Processing and Monitor Subsystem unit

A photograph of the system is shown in Figure 2.

Sensor Subsystem
A functional description of the sensor subsystem is shown in Figure 3. The two Continuous Wave (CW) IR

HeNe laser outputs (2.39 and 3.39 gim) are alternately transmitted by a chopper that operates at 200 Hz. The two
beams are directed parallel to each other through an AR-coated germanium (Ge) beamsplitter to the center of the
output transmit mirror. Parallel beams are used rather than coaligned beams so that the maximum power can be
transmitted. The transmit mirror directs the beams through the atmosphere to a retroreflector target that has been
prealigned with the receiver telescope and detector. To aid in aligning the IR HeNe lasers with the retroreflector, a
visible HeNe laser is used. The visible-HeNe laser is combined with the two IR laser beams on the Ge
beamsplitter output surface, which is aligned to reflect the HeNe beam along the IR HeNe lasers transmit axis.
The Ge beamsplitter will transmit 90% of the IR-HeNe laser power and reflect about 10% to the power monitor
detector. A quartz lens is used to focus the laser beams on the thermoelectrically (TE) cooled, 3 mm diameter lead
sulfide (PbS) power monitor detector. The detected power monitor signals are amplified and sent to an FET
switch circuit (located in the interface unit) that separates the two wavelengths into two independent signals. The
IR laser signals reflected by the retroreflector are collected by the 8 inch fl0 telescope, which focuses the signals
on to a TE-cooled quadrant PbS detector. A quadrant detector is used to generate error signals for the automatic
positioning system. The outputs from each quadrant are amplified and sent to the FET switch circuits that separate
the two wavelengths.

The sensor subsystem is mounted on a scanner platform that is controlled by the control-processing and
monitor subsystem from a remote location. As configured, the operations can be located up to 100 ft from the
sensor. Scanner operation is automatic in the normal operational mode or by joystick control when setting up
operations. When multiple lines-of-sight (LOS) are being used, the operator will point the sensor at each
retroreflector target and program its location into the scan routine software for use during automatic operation.
The operator is aided in this operation by a video camera that is coaligned with the sensor receiver. When the
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sensor is properly aligned on a retroreflector, the sensor' s visible HeNe laser will be reflected back to the receiver
and should be clearly visible on the video monitor screen. Although this initial alignment is sufficient to position
the sensor to the desired LOS, it is not accurate enough for repetitive scan operations. This is because the laser
beams are not spatially uniform in intensity, and they grossly overfill the small retroreflectors used. Because it
would be cost-prohibitive to use a positioning system with precision enough pointing accuracy for this type of
operation, our scan routine uses a closed-loop positioning circuit that is activated after the preprogrammed scan
position is reached and prior to collecting data. This closed-loop circuit uses the receiver quadrant detector signals
on the reference line (2.39 gm) to generate position-correcting control signals for the scanner.

Sensor Platform and Interface Unit
Figure 4 shows the components housed in the sensor platform and interface unit. The chopper control unit

(top right) provides the drive signal for the chopper used to alternately transmit the two IR laser signals. This
unit also provides the synchronization signal that controls the FET switch that separates the two wavelengths
contained in the power monitor and received signals. This same synchronization signal is used as the lock-in
reference signal for phase sensitive amplifiers used to reject noise and provide dc levels proportional to the signal
intensities. The chopper synchronization signal is also used in the processor to identify wavelength. The FET
switch circuits are located in the interface unit rather than in the sensor subsystem to minimize the number of
signal leads coupling the two units. The power monitor and received quadrant signals (five signals) at the input to
the FET switches exit the switches as ten independent signals (Figure 4). The two signals out of each FET switch
are 1800 out of phase, with one phase representing Laser 1 and the other Laser 2. For each signal output, one-
half of the cycle will be at zero or ground potential and the other half cycle at some positive potential
representative of the signal intensity detected. The two power monitor signals representing the reference 2.39 gm
laser (1) and 3.39 gm laser (2) outputs are directed to two lock-ins that have a bandpass of a few Hz centered on
the reference frequency (ie. 200Hz). These power monitor signals are sent to the processor unit for digital
conversion and processing. The lock-in outputs are also used in the normalization process of analog data. The
outputs from the FET switches associated with the quadrant signals are sent to two summing amplifiers before they
are sent to their respective lock-in circuits. The two lock-in outputs representing the received intensities at the
reference and sample wavelengths are sent to the processor and analog processing circuits as discussed above for
the power monitor signals. The analog data output signal is a positive dc signal proportional to the concentration
length product (CL) along the LOS path to the retroreflector. This analog data signal is used for real time system
performance evaluations and does not involve computer processing. The outputs from the FET switch associated
with the reference signal quadrant returns (1) are also sent directly to four lock-in circuits to derive dc signals for
each quadrant. These signals are used in the error detection circuit to control pointing error for the automatic
positioning, closed-loop software. The reference sum signal is also used in the error detection circuit for
normalization.

Control-Processing and Disnlay Subsystem
The control/processing and display subsystem (Figure 5) is a PC/AT-based processing system that uses one

or more data acquisition cards to convert the sensor analog signals to digital format for processing. The number of
acquisition cards required depends on the number of sensors used. In addition to the acquisition card, a scan
control card is required and some type of graphics display card that can drive a video monitor (RS170 & RGB).
We are currently using video processor cards for this purpose. A video recorder is used to store the data displayed
on the video monitor, and a floppy disc is used to record the raw digitized data for postevaluation. The data-
acquisition and processing software is basically the same for all data collected, regardless of the number of LOSs
to be interrogated. For each data sample, the power monitor and receiver data are processed to provide the CL for
that LOS and time. The number of data samples collected for each LOS depends on the application and type of
display option selected. For example, if a single LOS is to be monitored, the stripchart/LOS display option may be
used (Figure 5). In this case, data samples are collected continually and may be displayed as individual samples or
as averaged samples. If multiple LOSs are to be observed, then the scan /bar graph option may be selected. In
this example, the bar graph represents the average CL over the period of time the sensor samples each LOS. The
last display option shown represents a grid area coverage which is similar to the multiple LOS processing; that is,
each LOS data is averaged over a sample time interval. However, to provide the grid display, more than one
sensor must be used in a tomography mode (Figure 6). The data from Unit 1 represents horizontal line data (X)
and the data from Unit 2 represents the vertical line data (Y) in a two-dimensional array. A grey-scale intensity or
multiple-color display is used to depict changes in concentration and only at beam crossover locations. To
improve the grid resolution, more LOSs are required which means more retroreflectors and/or more sensors.
Careful evaluations of the resolution requirements for this type of application are necessary when considering an
area coverage system.

Only two operator controls need to be set once normal operation begins:
* The offset adjustment which is used to balance out any systematic erors and to compensate for ambient levels of

hydrocarbons
* The threshold level that sets the alarm threshold to the desired sensitivity. When the threshold is exceeded, an audio

alarm is sounded to alert the operator. These adjustments can also be set from a terminal, if used. The other operator
controls are for the video camera and the scanner joystick operations : are utilized in setting up system
operations.
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HETERODYNE DOPPLER VELOCIMETRY MEASUREMENTS AT 353 nm
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Atstracl

H-eterodyne detection of light scattered from diffuse targets has been used to measure translational and
rotational target velocities. Coherent ultraviolet light was derived from frequency doubled dye lasers and
detection was accomplished with a photomultiplier.

Summary

Target velocity measurements have been made with coherent ultraviolet light at 353 nm using a
photomultiplier detector in a heterodyne configuration. The target illumination beam was produced by a
frequency-doubled dye laser system in the form of I ts pulses at a pulse repetition rate of 2 Hz,
although all measurements were made on a single shot basis. The local oscillator signal was produced by
Bragg cell shifting of a portion of the main beam by 13 MHz, a convenient intermediate frequency (IF)
for heterodyne detection.

Targets were fabricated from a diffuse white ceramic and had a characteristic dimension of I mm. The
targets were mounted on a mechanical turntable which was designed to produce both translational and
rotational velocities relative to the detector, distant 6 m from the target.

Local oscillator and signal fields were mixed on the face of a 1 mm diameter quartz fiber which
coupled the resultant modulation to a photomultiplier. Measurements were made at received energy levels
of approximately 10-14 j.

Data were collected and analyzed for targets at a variety of translational and rotational velocities. The
Doppler shift away from 13 MHz and line broadening were used to calculate the target translational and
rotational velocities, respectively.

Introduction

Maxwell Laboratories, Inc. has been working on coherent ultraviolet laser radar for several years.
Previous publications have dealt with the use of excimer lasers for image range and Doppler
measurements, () Doppler velocimetry using coherent mode-locked pulse trains( 2) and coherent sub-
aperture ultraviolet imagery.( 3 ) As titled, this paper discusses heterodyne Doppler velocimetry
measurements at 353 nm, a wavelength suitable for amplification in e-beam pumped XeF lasers.

The overall scheme for the heterodyne velocity measurements is shown in Figure 1. A pair of beams at
353 nm are generated with a difference frequency of 13 MHz; one serves as local oscillator, the other to
i!luminate targets. Scattered light from the target is beat against the local oscillator field at the
heterodyne detector whose output is digitized and stored for processing at a later time.

Heterodyne DeWWla

Do. Acqd
t
s
it
-

Fig. I Overall Scheme for let'. Iyne Velocity Measurements
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The details of the coherent ultraviolet pulse generator can be seen in Figure 2. Since there are no
convenient sources emitting directly at 353 nm, the waveform is generated and amplified in the visible
and then frequency doubled in a non-linear optical crystal. In this scheme an acousto-optically mode-
locked krypton-ion laser emitting at 647 nm is used to synchronously pump a mode-locked CW dye laser
which produces light at 706 nm. The output consists of a CW string of mode-locked pulses of nominal
nanosecond duration at a rate of 82 MHz. This output is then pulse pre-amplified in a dye cell driven by
a flashlamp pumped dye laser with about 2 pgs pulse length. Overall gain in the preamplifier is about
300, single pass.

Mode-Locked Kr' Laser
(82 MHz) Flashlamp Pumped
I Dye Laser

647(N I R T nC

Sync. Pumped 70 n Pulsed Dye
Mode-Locked Dye Laser Preamplifier

Bragg Cell 3T SHG Flashlamp Pumped

this'pV = MHz pa o (p BBO) DyePower-Amplifier[ .. ... Filter

/Av=13MHz

S(CONVENIENT INTERMEDIATE FREQUENCY IF FOR HETERODYNE DETECT1ION)

TO RECEIVER LABORATORY

•ONE BEAM SERVES AS LOCAL
OSCILLATOR

•OTHER BEAM SERVES AS TARGET
ILLUMINATOR

Fig. 2 Coherent Ultraviolet Pulse Generator

In order to reach wavelength conversion efficiencies of about 30% it is necessary to further amplify
the pulse in a flashlamp pumped dye laser to an energy level of 10 mJ. For the experiments reported in
this paper this was done with a double pass through the power-amplifier, with no optical isolation. Net
gain in the power amplifier was about 100, yielding a typical energy of 10 mJ contained in some eighty
mode-locked pulses spanning a total pulse envelope of I 4ts.

The 10 mJ pulse at 706 im was then frequency doubled to produce 3 mJ at 353 nm, using beta-barium
boratc cut for phase matching at small angles of incidence at these wavelengths. Spatial filtering was
accomplished using a sapphire watch jewel bearing with a 100 Im diameter through-hole. This material
withstood the peak power density of -109 w/cm 2 impinging upon it with no resulting damage. This 109
w/cm 2 figure refers to the individual mode-locked spikes contained in the I pgs string comprising the full
macro-pulse. No previous material tried for spatial filtering at this 353 nm wavelength survived without
vaporizing.

Following spatial filtering and recollimation, the ultraviolet beam was passed through a pair of Bragg
cells (shown as a single unit in the figure for simplicity) to generate a second beam with a frequency
offset of 13 MHz. In fact, one Bragg cell was used to upshift by 73 MHz and a second, in series, to
downshift by 60 MHz. This arrangement was necessary due to the physical difficulty in constructing an
efficient 13 MHz Bragg cell. The piezo electric transducers used do not operate well below a few tens of
megahertz.

The final output of the coherent ultraviolet pulse generator (CUPG) consists of two beams differing in
absolute frequency by 13 MHz, a convenient intermediate frequency (IF) for our heterodyne
measurements. The two beams were then propagated to a separate laboratory for the velocimetry
measurements.

Beams arriving from the CUPG are directed onto the receiver table which is shown in Figure 3. The
local oscillator beam, labeled LO, was spatially filtered and conveyed via mirrors and a beamsplitter to
the receiver. The main beam, labeled MO, was used alternately to illuminate a target and to back-light a
beacon pinhole to aid in proper alignment for efficient hetcrodyne. The target was placed with its center
at the previous beacon pinhole position during measurements, following proper spatial overlap of the
local oscillator and received signals.
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Fig. 3 Receiver Table Detail

The target was mounted on the shaft of a small motor for spin and the small motor in turn mounted on arelatively large diameter turntable for translational motion, as shown in Figure 4. An optical slot switchon the turntable was used to fire the laser when the target center was precisely placed at the previouslocation of the beacon pinhole. In this arrangement it was possible to record data from stationary.spinning, or translating targets, or from targets with combined spin and translation.

#2 t L ' 12 V_ l I #

I 
-"'"''-

#2

#3 #3

24 . 7tX p ~ innector
24i citomola'

I .) Shaft Mount
2.) Target Plate
3.) Motor Clamp
4.) Beacm Pinhole
5.) Small Motor Clamp
6.) Switch Mort
7.) Base Plate
8.) Target

Fig. 4 Target Manipulator

The receiver, shown in Figure 5, consisted of a lamamatsu #R647-01 photomultiplier with a I mmcircular aperture and a 353 nm handpass filter. Inserted between the PM tube and the output connectorsfrom the receiver housing was a solid state buffer amplifier (Comlinear #CI.C401). The purpose of thisamplifier was to convert the high current gain inherent in photomultipliers to the high voltage signalstypically required by digitizers. The receiver was housed in an EMI shielded case to eliminate noise
originating from the pulsed laser system.
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Fig. 7 Photomultiplier Single Channel Heterodyne Data

Data were acquired and analyzed by the system diagramed in Figure 8; consisting of a LeCroy #2262
digitizer and WYSE PC/AT 386 Computer. Incoming signals were sampled and digitized at an 80 Ms/s
rate, more than sufficient for the 13 MHz IF frequency used in heterodyne detection. Processing
consisted of removal of the laser pulse-shape carrier from the raw heterodyne data, followed by a Fourier
transform into the frequency domain, as seen in Figure 9.

Lx{roy
CAIAV 13 2262

7902 Clk Out Digitizer

IdOutput I" Bus Connmunications:

13~rs Triggr Trige Reope Ti Croy

t op Start Acquisition 8e t IA
GPIB

Ixe Croy WS CA 8

429A

Fan-Out I13

Sysltm Trigger In Stop Trig Out

\ ARCIIIVNG ("Pill

\ PROCFSS ING
\ DISPLAY

Fig. 8 Data Acquisition System Hardware Architecture
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Fig. 9 Processing of Heterodyne Signals

In order to extract information about the frequency spread due to target spin-motion it was necessary
to perform deconvolution of the experimental data with respect to the beacon signal in which no motion
was present. This was most easily done by fitting a Lorentzian curve to the data in each case and then
performing a relatively simple mathematical algorithm to deconvolute the target data. Figure 10 shows
the Lorentzian fit and Figure 1'i the results for targets spinning at 33,76 and 85 RPS.
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* Boo
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400
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Fig. 10 Lorentzian Fit to Experimental Data
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Fig. 11 Processed Spin Data

The simple approximation used to calculate the expected spin broadening from conical targets at known
rotation rates is illustrated in Figure 12. This model takes account of the dropping projected area in each
velocity bin as the edge of the cone is approached and the Lambertian scatter roll-off in one plane. As
such, the model slightly over estimates the observed spin broadening. A comparison of the calculated and
observed Doppler spreads is presented in Table 1.

SPIN AXIS

LIGt T SCATTERED FROM SLICE OF SURFACE AT RADIUS r HAS INTENSITY:

k(R - 1,R
R - k= consantR

CON

TO DEIFRMINE VALUE OF r" FOR WHICH I, = , WHERE Io = CENTRAL
SLICE INTENSITY:

(R-r ,R'- -r.
A R =0.

R --

I WHICH YIELDS:
r= 0.443 R

Fig. 12 Approximate Calculation of Expected Spin-Broadening

Table 1. Experimental Results

VELOCITY OF SURFACE
AT RADIAL POSITION SPIN RATE CALCULATED DOPPLER OBSERVED DOPPLER

0.443 R (RPS) SPREAD (FWHM) SPREAD
19.5 cm/s 85 2.22 MHz 2.0
17.5 cm/s 76 1.98 MHz 1.6
7.6 cm/s 33 0.86 MHz 0.87

VELOCITY RESOLUTION -5 cm/s
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The spin rates were measured directly from the shaft encoder on the motor. Observed Doppler spreads
at the various spin rates spanned an amount corresponding to an absolute velocity resolution of 5 cm/s.
The highest velocity at the edge of a I mm radius cone spinning about its axis of symmetry at 85 RPS is
53.4 cm/s.

Finally, an experiment was performed in which the conical target was both spinning and translating
with respect to the receiver. The direct Doppler shift of -5 MHz indicated that the target was receding at
a velocity of 88 cm/s and the frequency spread about the shifted peak indicated a spin rate of 82 RPS.
This is shown in Figure 13. It was not possible to use the shaft encoder to measure the actual spin rate
because the main turn table was rotating in this experiment. However, the motor which was spinning the
target had previously been shown to turn at a steady rate within about 2% for extended periods of time.
Absolute translational velocity resolution for our receiver was about 2 cm/s and rotational velocity
measurement at a given point on target about 5 cm/s.

INTENSITY

TARGET BEACON

DOPPLER SHIFT . -5 MHZ 600

CORRESPONDING VELOCITY = 88 Cm/ (RECEDING)
500 BEACON: 13.125 MHz

TARGET: 6.125 MHz

DOPPLER SPIN-BROADENING . 2.26 Wz 400
CORRESPONDING SPIN RATE = 82 RPS

00

W0 a 00 12 0 1SO 0 n0 24 0 800 3? 0

FREQUENCY MHz

Fig. 13 Data from Target with Simutaneous Spin and Translation
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Abstract

A novel ladar deployment scheme is describe' which makes feasible a near-term laser radar for long-range
defense, remote sensing, and other long-range applcalions. The concept uses a ground-based laser transmitter linked
to an orbital constellation of surveillance platforms by means of a rocket probe-borne relay mirror; other possible
derivative forms of the concept are implied. Some of the required critical technologies and performances, which make
such a system feasible in the near term, are identified. Atmospheric turbulence compensation is emphasized, and an
innovative approach to ease the solution, called an "isoplanatic probe", is introduced. The measurement advantages of
heterodyne detection receivers, currently being researched, are mentioned.

This ladar deployment concept utilizes a powerful ground-based transmitter to project a beam to an orbital platform,
called a "mission system", by way of a rocket-borne relay mirror, as shown in Figure 1. The orbital platform receives the
beam with a large collecting mirror, and refocuses it through a separate aperture, as if the transmitter was on-board the
platform, to whatever targets would be desired. Tracking, discrimination, designation, and many other measurement
functions are possible. Targets could include those as diverse as missiles and their payloads or other military weapons
being launched against the United States or other country, or regions of the atmosphere or "near space" for which
remote sensing data are desired.

The use of a ground based transmitter in this way, obviates the need for a transmitter on board each of the space
platforms. This is desirable because of the large weight required for a transmitter of sufficient capability. The additiona'
optics required on the space platform, weigh far less than a space-based transmitter with sufficient capability, largely
because the ladar operates at short wavelengths, e.g. in the visible or UV portion of the electromagnetic spectrum. In
addition, the orbital platforms are relatively few in number, e.g. less than 20, making the ranges to possible targets up to
5000 km. An equation bounding the average target range, r, may be derived by assuming the constellation of orbital
platforms lie in a spherical shell at altitude, H. Averaging-out the "phase noise" resulting from arbitrary engagement
start times and constellation initial state yields

r 2.A- 2 (1)N- 4(R. + H)2

where Re is the radius of a spherical earth, e.g. 6378 km. TARGET RANGE

Equation (1) is plotted in Figure 2 for two (2) constellation
altitudes, 1500 and 2000 km.
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Such target ranges stress the capabilities of ladars because of the diffraction spread which dilutes the power density
of the beam; this generates the requirement for short wavelengths. However, the choice of short wavelengths makes
the light optics possible, yielding the interesting weight trade and feasibility of using a ground based transmitter.

However, the choice of shortwave, ground-based ladars complicates the transmission link to the mission system
through the relay. The turbulence of the atmosphere must be compensated for in order to maximize the beam quality
and preserve the measurement capability. In addition, additional power must be available in the transmitter to
overcome large scattering/attenuation losses from the atmosphere. In non-wartime, remote sensing and other
applications would have to consider the safety implications of the power and short wavelength of the beam, if it is to be
used in this capacity.

This concept is made feasible by the progress made in at least three critical technology areas: 1) powerful short
wavelength transmitters, 2) atmospheric compensation, and 3) pointing stabilization.

2. The Ground-Based Transmitter

Powerful short wavelength transmitters capable of operating
as ladars are being pursued by several organizations. Many of
these have in common the general configuration of a precision
waveform generator driving or operating as a master oscillator, -.-,1 I.--T
which in turn drives a power amplifier in a master oscillator/
power amplifier (MOPA) configuration, like the one shown POWER A=TTINE TCS

schematically in Figure 3. One desirable option being sought IER

by several developers, is a heterodyne capability achieved by
mixing the return signal with an offset reference oscillator. T

There are many measurement advantages to this form of
detection, and many transmitters of interest have demonstrated MASTER FREQUENCY REFERENCE

sufficient stability to make this possible; however, it not a hard OSCLLATOR OFFSET CONTROL OSCKXATOR

and fast requirement.

Ladar transmitter candidates and examples of interested
developers include: near UV and lower visible excimers being IHETERODYNE MING AT RECENTR

developed by Maxwell Laboratories and Avco-Everett/Textron,
visible and UV derivatives of solid state lasers being developed Figure. & Lae Trenemifflr Block Diagram

by MIT/Lincoln Labs and Hughes Aircraft Corp., and Free Electron
Lasers (FELS), suitable for ladar applications, being pursued by
Rocketdyne and Spectra Technologies, Inc.

3. Reresentatlve AtmosDherlc Effects and Compensation

One of the prices paid for selecting short wavelength ladars 1.0
is in the propagation performance, which generally degrades
as the wavelength falls through the visible into the UV. Although
actual transmission is highly structured, the example in Figure 4 o.S
shows the behavior of the envelopes for different components
of the attenuation as a function of wavelength. Not counting ., XMT ALTIVUOE: km

turbulence effects, the gain from diffraction improvement overcomes EVATKWNMANME: 90d.

propagation losses until the strong ozone absorption sets in at W-6 p m

about 0.32 gm. However, turbulence effects must be counted, which 0.7 ATTENUATION]
is why turbulence compensation is necessary.

- .. - OLECULARq SCATTEREO
II AER0SOI.S

0.6 -- OZONE

-I TOTAL

O.S

0.32 1.0 10.O
WLVE LENGTH fom)

Ftgure 4. Repo eenteve Effects on Trenemlelon

Strehl Ratio Imorovements Uslng Adantlve Otlcs

The progress in adaptive optics has made useful ground-based ladar performance possible, even at visible
wavelengths. This capability is being extended to shorter wavelengths, but with some difficulty. Predictions of strehl
ratios after correction are not being met in practice, indicating at least a minor failing of our complete understanding of
the wavefront compensation process. The example in Figure 5 shows two curves of "residual" strehl1 ratios, S, that is
strehl after correction, as a function of the actuator density, p. These have been generated using the exponential fit
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GI~F (2)
where a is a fitting parameter from modulation transfer function (MTF) analysis. The exponential modulation transfer
function coefficient for this fit was expected to be 1.0 or less; instead, in some cases, it is larger than 1.0. The cases
shown are for the value of 1.0. It is hoped that this problem will be properly understood in less than a year. The
parameter, ro, is the coherence diameter 2, given as a function of wavelength, X, by

3

ro =O.185 X

C2(z)dL 
(3)

In this equation, the integral is a path integral over line-of-sight, 1.0
L, where the function Cn 2 is the square of the refractive index Iwo
structure function 3. Representative variations of this function 1000
over time and altitude, z. are shown in Figure 6. For this computa-
tion, the median value of the Cn2 envelope shown in Figure 7 3.=,

was used. This envelope was generated by averaging the models __=o.353p m

and measurement data4 appearing in Figure 8. j
W C ACTUATOR
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p (m-)

3- .4 I I I I I I
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Figure S. SroM Imrpovements by Adaptive Optics
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Easing the Compensation Problem: The "lsoplanatlc" Probe

A further complication in the atmospheric turbulence compensation problem, is the need for the anticipated turbulent
atmosphere to be sampled to obtain correction data. Because the propagation medium may change during the time of
the beam propagation--because of the platform motion, some means of sampling the "future" transmission path must be
devised. For relay concepts, this is normally done by extending a beacon, or a corner reflector (which will become a
beacon when illuminated from the ground), ahead of the relay motion, either on a long boom, or on a fly-along platform.
This becomes even more complicated when the relay is a rocket-borne probe, rather than an orbital platform with a
stable orbit.

To solve this problem, we take advantage of our ability to control the rocket trajectory, so that the relay is always
within the 'isoplanatic patch*. This is the region around the line-of-sight (LOS) to the moving object, for which the
medium is stable within the beam transit time. As indicated in Figure 9, the rocket trajectory is arranged to remain inside
this "isoplanatic patch* during the measurement time. The angular size of the patch, AO, can be estimated by the
equation5

A= 0.058;L2 -3 5

C (z)zs'3 dz (4)

Thus, by using a carefully planned trajectory, the compensation problem is greatly simplified.
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4. The Heterodvne Detection Receiver Ontlon

The utilization of stabilized, short wavelength ladars yields some interesting possibilities6 for measurement systems.
The short wavelength makes feasible an optical receiver array, like the one illustrated schematically in Figure 10. This

array could be of relatively small size, because of the wavelength-sensitive diffraction effects on the speckle pattern. A
segmented array has certain weight advantages, and some imaging schemes are being explored in which segment

phasing is done electronically rather than mechanically. Angle-Angle and Range-Doppler imaging, in various

combinations, are possible, and the doppler shifts due to the short wavelength are large, yielding extraordinary

measurement precisions. Laboratory experiments have yielded many interesting confirmations of the potential and

near-term nature of these technologies.

SEGMENTED OPTIC ARRAY

DETECTORS

PROCESSOR STORAGE

LO

Figure 10. Schemetic of Hete"o De teon Reoetver

5. Conclusion

A relatively near-term ladar concept has been defined which has the potential of yielding a remarkable
measurement capability for defense and other applications. Demonstrated progress in three critical technologies make
the concept truly feasible in the near term. However, there are some potential trouble spots, mostly in the atmospheric
compensation area; they are expected to be resolved soon. A key area requiring continued attention is the rapidly
developing isolation/stabilization technology--truly the key technology to the relay concept. The combination of short
wavelength and stabilized performance, yields not only a remarkable measurement capability, but a robust growth path
for future systems.
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ACCELERATION AND DEFORMATION MEASUREMENTS USING COHERENT LASER RADAR
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Abstract

A solid state coherent laser radar system was employed to measure accelerations and/or deformations of metal
foils. The foils were ablatively accelerated by a short laser pulse to velocities of approximately 1 km/s. Velocity
profiles were determined by digitizing the chirped waveform produced by the target as its velocity changes. This
waveform was analyzed to determine the Doppler shift as a function of time. Measured velocity profiles vere found
to be in good agreement with a simple model of ablative acceleration. Vibrations of the target foils due to the accel-
erating pulse were also observed.

Introduction

The measurement of the velocity profiles of rapidly accelerating objects has traditionally been performed using
velocity interferometers. Experimental techniques, such as ORVIS' and VISAR2, compare the frequency of light
scattered by a moving object at different times through use of a fixed time delay. Both of these techniques require
complicated data interpretation and neither can monitor an object moving at constant velocity unless the complete
velocity history of the object is known.

Coherent laser radar can directly monitor the velocity of an object as a function of time. Acceleration of the
target leads to ", chirped waveform that can be easily analyzed to obtain the velocity profile. The use of an offset local
oscillator allows the object to be monitored even when it is not moving and also extends the bandwidth of the system
since Doppler shifts can be measured both above and below the local oscillator frequency.

Laser Radar Apparatus

A diagram of the equipment comprising the coherent laser radar system is shown in Fig. 1. The local and mas-
ter oscillators are single mode, diode-pumped, cw Nd:YAG ring lasers operating at 1064 nm. These lasers have nar-
row linewidths and can be tuned in frequency over 15 GHz without mode hops. 3,4 This permits the offsetting of large
Doppler shifts.

The master oscillator is amplified by a flashlamp-pumped rod amplifier operating at 10 Hz and having a gain
of 1000 when double passed. Return light from the target is separated using a combination of a thin film polarizer
and a quarter wave plate. The return signal and me local oscillator are both coupled into single mode, polarization-
preserving fibers and combined in a variable-ratio fiber mixer. The heterodyne signal is detected with a 1 GHz band-
width silicon avalanche photodiode, and the output of the photodiode is digitized using a fast oscilloscope in conjunc-
tion with a CCD camera.

Laser Ablative Acceleration

Rapidly accelerating targets were produced using laser ablation of thin metal foils. 5,6 Foils were attached to
the inside of a window on a vacuum chamber. The output of a 2 J Q-switched ruby laser was focussed to a 1.5 mm
diameter spot on the foils resulting in peak power densities of up to 7 GW/cmn2. Between 10 and 15% of the drive
pulse energy is converted into the kinetic energy of a foil flyer by the ablation process. Terminal velocities in excess
of 2 km/s have previously been obtained using 1.5 mm diameter by 12 micron thick aluminum flyers.7 The acceler-
ation produced by laser ablation has been modeled by treating the plasma that is formed as an ideal gas that is trapped
between an immovabie wall and the flyer that is to be accelerated.8 9 As the gas expands, its thermal energy is con-
verted to the kinetic energy of the flyer. In the simplest model, the gas can be constrained to expand only in the di-
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FIG. 1. Diagram of the coherent laser radar apparatus. Return light from the target and local oscillator
are coupled into single mode polarization-preserving fibers and mixed. FC: Fiber Coupler. TFP: Thin
Film Polarizer.

rection of motion of the accelerating flyer. With this assumption, the flyer will obey the equation of motion,

6zd2Z+ (dZ 2 - 2E(1)

where z is the flyers displacement from the launch window, E is the energy contained in the gas, and m is the mass
of the flyer. This equation can be solved ',merically, with the only free parameter being the initial value of z. This
simple model could be improved by considering the actual time profile of the drive laser pulse, treating the plasma
expansion more realistically, taking into account the fact that part of the flyer is ablated away, and by allowing the
flyer to be heated by the plasma.

Data and Discussion

A typical frequency-chirped waveform, produced by the acceleration of a 1.5 mm diameter by 25 micron thick
aluminum flyer is shown in Fig. 2. The drive energy was 1.03 J and the local oscillator frequency was set 810 MHz
above the master oscillator frequency. As the flyer accelerates, the beat frequency decreases, passing through zero
in the vicinity of 25 ns and then increases. The measured frequencies span 1.5 GHz, well beyond the 1 GHz band-
width of the detection electronics. This illustrates the extended measurement bandwidth possible with this technique.

The velocity profile derived from the waveform of Fig. 2 is shown in Fig. 3. After 50 ns, the flyer is moving
at 800 m/s and is clearly still accelerating. Based on the drive energy used, the terminal velocity should be about
1500 m/s. The smooth line in Fig. 3, is a fit obtained from equation (1). The agreement with the data is quite good
for such a simple model. Note, however, that there is an oscillation of the velocity on top of the overall shape.

The velocity profile can be integrated to determine the distance profile and differentiated to determine the ac-
celeration profile. Fig. 4 shows the distance profile derived from the data of Fig. 3. The smooth line is again obtained
from equation (1). The flyer moves only about 22 microns during the 50 ns measurement period. Thus, the assump-
tion that the plasma only expands in the direction of motion is still valid, and the agreement with the prediction of the
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FIG. 2. Frequency-chirped waveform resulting from Doppler measurement of the acceleration of a 25
micron thick aluminum flyer. The local oscillator was offset by 810 MHz.
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FIG. 3. Velocity profile obtained from the waveform of Fig. 2. Smooth line is a fit to a model of ablative
acceleration.
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FIG. 4. Distance profile obtained by integrating the data of Fig. 3. Smooth line is a fit to a model of ab-
lative acceleration.

simple model discussed earlier is not surprising.
The acceleration profile derived from the data of Fig. 3 is shown in Fig. 5. The data shows a large spread, and

actually indicates negative accelerations at some times. The smooth line is derived from equation (1) and fits the
general trend of the data points. The data show fairly regular oscillations with a period of about 8 ns. This is due to
the fact that what is actually being measured is the velocity of the front surface of the flyer. The initial impact of the
laser drive pulse generates a shock wave that reverberates within the flyer. The speed of sound in aluminum is 6420
m/s, indicating that the round trip travel time for a 25 micron thick flyer is 7.8 ns. This agrees well with the observed
oscillation period.

The waveform produced by the acceleration of a 50 micron thick aluminum flyer is shown in Fig. 6. The drive
energy was 1.23 J and the local oscillator offset was 750 MHz. The frequency crossover occurs at about 30 ns. The
velocity profile obtained from this waveform is shown in Fig. 7. This data also shows oscillations, but with a period
of about 16 ns and with smaller amplitude, which is what would be expected for a flyer that is 50 microns thick.

As a further experiment, a large 25 micron thick aluminum foil was glued onto the launch window in an effort
to enhance the vibrations in the foil. The measured velocity profile is shown in Fig. 8. The foil only attains a velocity
of about 100 m/s after 100 ns. Oscillations of the velocity are now clearly visible and negative velocities are even
observed.

Conclusions

Coherent laser radar provides an alternative to traditional methods of measuring velocity profiles of rapidly
accelerating objects. Because heterodyne detection is employed, local oscillator power can compensate for targets
that have poor reflectivities, allowing a wider variety of targets to be measured. The use of a tunable local oscillator
effectively doubles the bandwidth of the detection electronics and also permits the measurement of zero velocities.
Data analysis is also much more straightforward than with other techniques.

Measurements of the velocity profiles of metal foils launched by laser ablation were found to be in good agree-
ment with a simple model of ablative acceleration. Vibrations of the accelerated foils were observed, consistent with
shock wave reverberations through the foils, indicating that the technique is quite sensitive.
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FIG. 5. Acceleration profile obtained by differentiating the data of Fig. 3. Smooth line is a fit to a model
of ablative acceleration. Large oscillations are due to a shock wave reverberating in the foil flyer.
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FIG. 7. Velocity profile obtained from the waveform of Fig. 6. Smooth line is a fit to an ablative accel-
eration model.
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FIG. 8. Velocity profile of a large 25 micron thick foil that was glued to the launch window. Note large
oscillations due to shock wave reverberation.
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PROPAGATION OF INTENSE LASER RADIATION IN AEROSOL

O.A. Volkovitsky
Institute of Experimental Meteorology

249020 Obninsk, USSR

Theoretical and experimental studies on interaction of intense laser beams and aerosol
are reviewed. Considered are physical effects arising from radiation interaction with solid
and liquid particles (particle evaporation and destruction. overcondensation, optical
breakdown and others) which result In spatlal-temporal change of optical properties of the
medium. The role of these effects in propagation of continuous and pulsed laser radiation
in the atmosphere is discussed.

1. Introduction.

The research on spatial-temporal changes of optical cross-section of atmospheric
components under radiation and their effect on radiation propagation has recently developed
into a special area of atmospheric optics - non-linear atmospheric optics. This
presentation seeks to cover only part of the phenomena arising from Interaction of intense
laser radiation with atmospheric aerosol particles and to show their role in propagation of
laser radiation. Focus will be placed on particular problems of non-linear optics of
aerosol. Hundreds of studies on the subject have been done since the late 1960's and
therefore it seems unrealizable to give a comprehensive review within one communication.
The task of reviewing is, to a certain extent, made easier by the fact that the books
(51.61,62] have recently been published. These books address various aspects of Interaction
between intense laser radiation and cloud drops, crystals and atmospheric aerosol. The
effects to be discussed in the paper and corresponding changes In optical properties of the
medium are given In Table 1.

Table I
Effects arising from interaction of intense laser radiation

and aerosol particles

Radiation Type of particle Variation of Accompanying ef-
Effects intensity optical cross- fects

W cm1 0. -5am I-10am 5-200tim section
change induced

aerosol droplet crystal Decrease Increase in turbulence
particle permittivity

Diffusive <10 3  + + + small
evaporation

Convection t03 <I<10 4 + + + + +

evaporation

Overconden- I>50 + + + + +

sation

Explosion I>59t04 + + ):10.6ttm + - -

6 A:0. 63LLm - +
Breakdown 1>10 -10 + + + - + + -

2. Propagation of Intense laser radiation In clouds (the clearing effect).

The studies on interaction of continuons intense laser radiation with droplet aerosol
were initiated in the late 1960's. It was noticed that radiation in the mid-IR spectrum
region had a distinctive feature of being well absorbed by water and weakly absorbed by
atmospheric gases and water vapor. Radiation In this spectrum region at the wavelength
Jk:10,6 tm was generated with the use of CO2 lasers. In those years first theoretical works
made their appearance which looked Into droplet evaporation given internal sources of heat
release (41,49] and mist evaporation under radiation [26,28,54]. These studies have laid
the foundation for a new direction in non-linear optics of clouds. The experimental work
(32] was first to demonstrate that due to evaporation of fog droplets In a continuous COs
aser radiation beam the HeNe-laser radiation transmission was substantially Improved. At

that time, a hope emerged as to the prospects of CO& laser applicability for cloud
dissipation. Indeed, no more than a cup of water was found to be in the way of a laser beam
in a relatively thick cloud. The impression was that in order for droplets in a stationary
cloud to evaporate, radiation of comparatively low power would be required.

In the 1970's, problem statement in non-linear optics of clouds became more complete. In
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order that the problems of propagation of intense laser radiation in a droplet and a
crystal cloud medium be solved with allowance made for medium motion, losses of radiation
energy for medium heating and droplet scattering, as well as induced beam divergence and
induced turbulence, equations were formulated for the electromagnetic field in aerosol. I
shall not dwell on the mathematical side of the problem but let me point out that when the
propagation of a laser beam in a cloud was evaluated, given fairly complete problem
statement, it tooK several hours to solve the system of equations with computers. Today the
time of computation has been sharply reduced, nevertheless the rate of computation Is still
much less that the velocity of the transparency front in a cloud, to say nothing of light
velocity. Let us briefly overview the research efforts of those years. The studies (22, 39,
54,60] contained diagrams for vaporization and explosion of cloud elements under radiation
as a function of particle size, radiation intensity and medium temperature. The plots were
constructed on the basis of theoretical considerations and experimental results for
radiation Interaction with cloud particles.

IOF C°k = i
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LD - Iint ' dlff'uv Cf Interity If, [51).

D - UiFusrve (39.5>Xr 28)J
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C - convective -(159-) = 4 80. U130, E50 W C
E - explXzle-4e00tru-1tP0 d2-r>2
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With a number of simplifying assumptions, GlIcKler S.L. (1971) obtained formulas for the
intensity field in the zone of radiation interaction with cloud. The problem was solved for
a stationary cloud without regard to radiation losses in the so-called "water content"
approximation. The authors of [44] proposed the solution of an analogous problem for a
moving cloud in the so-called fine droplet approximation (R < 3 tim). The analysis of more
exact numerical solutions and experimental results has allowed the extension of the above
analytical solutions to propagation in a cloud of diverging beams, consideration for energy
losses and writing formulas for optical thicKness at the visible wavelength. The results of
continuous radiation research in Institute of Experimental Meteorology in the 1970's are
summarized in the booK [51] mentioned above.
The formula for calculating spatial-temporal variations of CO2 laser thermal effect

function field in a homogeneous moving cloud under diffision-convection regime of
evaporation for droplets with Rw< 10 =.m has eventually taken the simple form

q(x,y, Z, t) In [I + (exp(qo) 1) exp(-r)] , (1)

where q (y, z, t) 3At Z , (2)
4pHf

0

0, and 0. are the coefficients accounting for energy losses for medium heating and energy
scaLtered by droplets, p and H are the water density and the evaporation heat, A is the
constant, v-wind velocity.
The velocity of clearing wave propagation in cloud (the velocity of a clearing front) can

be calculated with the formula

u ( x, Y, Z) = CID( yz) teI( , Z) ()I
f 0  HWO

where o. and W, are coefficients of extinction and cloud water content. This furmula has
been validated in experiments (Fig.2).

The transparency of steady-state clearing zone of a moving cloud at t >d /v Is determined
by the relation
where rI(x,Y,Z) = I(z{, Z)/1 0 (y,Z) +[1 . Q(x,.z)), (4)

e(x,y,z) = (exp(T) - 1) exp[-q, (y, z) ]. (5)
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Numereous experiments have confirmed the validity of this formula (Fig. 3).

Thus it may be asserted that for assessment of cloud clearing ("hole - boring") under
dlffuslon-convection regimes of cloud element evaporation a robust theory has been
developed and validated.

3. The effect of overcondensation on radiation propogation In cloud (the
turbidification effect).

When droplets are evaporated in the laser radiation field, under certain conditions
substantial supersaturation may occur which is able of promoting the formation of secondary
droplets. The possibility of supersaturation occurrence was first noted by Sutton G.W. [45]
The works (20,27] included theoretical assessment of the supersaturation effect on
restructuring of droplet spectrum. Since the latter authors did not consider a possibility
of emergence of new droplets, the conclusion was made that increase of optical
cross-sectlon in the supersaturatin field was ruled out.

The experiments conducted by the author and his colleagues [23,50] have shown that under
certain conditions the supersaturation which occurs in the laser radiation field in the
vicinity of evaporating droplets gives rise to the formation of a host of small droplets;
this is the turbldificatlon effect. Theoretical estimation we did in 1976 [51] have
indicated that in the radiation field in the vicinity of droplets, supersaturation may
occur sufficient for homogeneous vapor condensation.

The analysis of abundant experimental evidence of the turbidification effect occurring
under radiation exposure of droplets and crystals with widely changing medium temperature
has allowed the determination of a homogeneous condensation boundary. The results are shown
in Fig. 1.

It is of interest to note that while the discovery of the clearing effect has led to an
increased optimism as to generation of clearing zones in clouds, the discovery of the
turbidificatlon effect has given rise to a lot of scepticism coming from the view that the
problem is unsolvable. And I believe, it is dedication of researchers which is to
counterbalance the emotions on both sides.
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4. Propagation in cloud of radiation pulses. The role of explosive droplet destruction.
Increase In the velocity of clearing wave propagation in cloud is associated with

Increase in radiation Intensity. An appreciable increase in radiation intensity is obtained
In pulsed lasers. The feature of interaction between a series of radiation pulses and a
moving cloud medium Is that clearing during the pulse tM alternates with the blurring of
the cleared zone by wind in between pulses t. and the mode of explosive droplet
destruction is realized at radiation intensities I ) IN.

Propagation of pulsed radiation in clouds is the subject of research in (21,38,46,55]
where analytical and numerical methods are used to solve the problem of collimated
radiation interaction with cloud medium under diffusive-convective mode of droplet
destruction.
The works [53,61 focus on peculiarities of propagation in cloud of pulsed diverging

radiation at I < I, and collimated pulsed radiation at I > 1%. For a diverging beam, the
problem was approximately solved In [531 and in the simpliest case with q >> 1, Ile  0,5
the formula for q - thermal effect function of j-th pulse can be written as

oi . 3
q*. 1 J/*~4( ;V I . 3ivq. - 1) (6)

where q q(l * T) , q. is the thermal effect function at the beginning

of the path (q. : CIOtm), .: e/d.a,.

As has been pointed out, at I > IK explosive droplet destruction occurs and a jumpwise
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change in optical properties of the clearing zone can be expected. Under certain conditions
the formation of a host of fragments may give rise to considerable increase in the optical
cross-section of a clearing zone, especially at the visible wavelength (Fig.4) (5]. The
turbldification of a cloud medium can also be brought about by phenomena of other nature
than the overcondensation considered above.

5. Thermal distortion of laser beams In aerosols.
The character of propagation of intense laser beam In aerosols Is affected not only by

non-linear aerosol extinction, but also by non-linear refraction, whose effect Is
particularly pronounced on long paths. The physical cause of non-linear thermal refraction
in aerosols, and In g8'ses too, lies in spatial-temporal change of permittivity of the
medium due to local temperature change. Local temperature changes under propagation of
intense laser radiation in aerosol are far in excess of those in gas, and consequently,
beam distortions in aerosol will be more conspicuous.

The authors of [34,511 solved theoretically the problem of laser beam deflection In a
moving cloud due to formation of 3symmetric profile of dielectric constant under diffusion-
convection conditions of droplet evaporation. The studies [4,48] have .;hown that under
certain conditions (cold fogs), self-focusing of the near-axis part of the Gaussian beam
may occur. Calculations of laser beam thermal distortions in droplet aerosol were made in
[56] with the use of numerical solution of parabolic equation and In (17] with the use a
geometric approach.

Thermal distortions of laser beams in aerosol were investigated in great detail in
[13,14,24] which contain experimental evidence on deflection of probing radiation in a
cloud medium under wind for a wide range of temperature and other parameters and on beam
blooming in a stationary cloud medium. Thermal distortions of a laser beam when It
propagates in a solid aerosol was investigated In [3]. Theoretical research and experiments
have exposed the following principal features of thermal distortions of laser beams:

- as the temperature of a cloud medium falls, with all other things being equal, beam
deflection upwind becomes greater due to the increased thermal losses (smaller values
of 8T ) (Fig. 5);

a -

911

20 [ _- - 2

10 i -l

____________-__

0 0,1 0.2 03 0 1 2 
3 c - o 40 "o,.s-

Fig,5 licFctor. of cenr, s~ o of Fig&~ ffaction of centrai Z.Qctiof of

oer" beam o Function of ottenu Ot n coef- tlssr beom os function oF wind vekoslty E141.

ficlent ot vorlous temperatures of medium [141. Po - W W, i£- 03 n
ml

, -6 4.6 cm,
F0 = 400 W, d.= 0.8 cm. v 25 cm sec-c. To- 293 K, L - 4

- experlments) 1, a, 3 - T o = 283, 260, 243 K, - pev.entz
respectvety. 4 - OpprojIotion b - citculotons. caLcutllo nsVer-tcot ond horizonkt c *i - ep err 'ail

er-i-or5.

- the dependence of beam deflection on wind velocity is of nonmonotonic character which
is due to nonmonotonic dependence of permittivity asymmetry on wind velocity (Fig. 6);

- as particle size of solid aerosol grows, thermal blooming of the beam enlarges which is
due to greater overheating of the meadium (Fig.7).

Wind deflections of beams in aerosol on long paths are not expected to be appreciable,
whereas symmetric blooming of unimodal beams and distortions of multimodal beams may be
significant.

6. The role of Induced turbulence in laser beam distortions.
Two sides can be indicated in the problem of non-linear radiation propagation with

pulsating parameters in a turbulent aerodisperse medium:
- interaction between radiation with predetermined parameters and turbulent medium;
- interaction between radiation with fluctuating parameters and the medium with

predetermined characteristics.
We now briefly consider the results of research related to the first problem. The

principal mechanism giving rise to induced radiation fluctuations in this case is "mixing"
of spatially Inhomogeneous field of complex permittivity : (T, 1) by the turbulent
wind field. The variances a, and ar of temperature and liquid water content fluctuations
in the cleared cloud medium were theoretically Investigated In [1,2] and relations for
-I .o and related fluctuations of e were obtained.
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Using the fields e (T, ) obtained, one can calculate fluctuations of the intensity
level for perturbing (0i) and probing (Cz) beams In the approximation of the smooth
perturbation method. The agreement between experimental and theoretical dependencies of a,
and a. on To  is Illustrated In Fig.8. The second problem associated with the mechanism
of perturbing additional fluctuations due to transformation in pulsations of initial
amplitude-phase distribution of radiation field in a cloud medium was tackled In [I].
Typical curves showing the development of random inhomogenelties of liquid water content
and aerosol temperature Induced by fluctuating beam are given in Fig.9 [7].
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7. Optical breakdown under propagation of laser radiation In aerosols.
The breakdown which occurs under propagation of high intensity laser radiation (I*,,>

> t0 - I0t  W. cm - for A = 10.6 - 0.5 =W) gives rise to formation of plasma and
appreciable radiation extinction. Given liquid and solid aerosol particles In gases, the
threshold of breakdown is significantly reduced (at X = 10,16 = w hn < IO W.cm 2).
This may result in considerable deterioration of propagation conditions of Intense laser
radiation in the atmosphere at intensities of I > Ith.

Experimental investigations of optical breakdown in aerosols are extensively reported In
literature (8,9,10, 29. 30, 31, 36, 37,43, 58]. The theory of laser radiation propagation in
aerosols above the breakdown plasma formation has not been developed to the extent to which
was the theory of intense radiat'.on propagation in droplet aerosol at I < i*.

Let us briefly consider the major results of Investigating optical breakdown In aerosols.

655



The threshold of optical breakdown is little dependent on the composition of aerosol
particles and strongly dependent on radiation wavelength and pulse duration. Fig. 10
summarizes the results obtained by different researchers for a breakdown threshold 1j,
in the wavelength range A 0. 35 - 10.6 Lm. In the wavelength range under consideration
the dependence I+ (A) is satisfactorily approximated by the relationship tth X ) 2 which is
experimentally supported in [15,29]. One can identify several types of optical breakdown
on individual aerosol particles (solid and liquid) and on ensembles of them. Several types
of optical breakdown at the wavelength A : 1.06 am are illustrated by the Table 2.

Tabl. 2
Types of optical breakdown

Effect I, W.cm Type of particles Author

Local optical Solid particles Lencioni D.C. (1974)
discharge 4.10 -2.10 d - 0,2 - 40 tim
Local optical Water droplets Mamonov V.K. (1978)
discharge tog-10 "  d : 30 - 100 im
Extended optical a Solid particles Basov N. et al. (1978)
discharge 1o-10 d = 2 - 16 tm Parfenov V. et al. (1976)
(LLS) Zakharcheno S. et al.
Low-threshold Ensemble of (1989)
collective optical 2.10 -2.10 solid particles
discharge (LCOD) N > I03 cm "3  Zakharchenko S. et al.

d > 2 "m (1978)

The first studies on air breakdown on water droplets were carried out in [36,37] with the
use of ruby laser. It was established in [30] where the interaction of Nd3+: YAG laser
radiation (Io : IO9 - tO1

° W.cm -2 ) with water droplets of 10 - 70 LLm diameter was
investigated that air breakdown was initiated only when primary sites of breakdown emerged
In droplets. Two modes in evolving breakdown sites with spherically symmetric and
asymmetric shock waves were Identified.
The studies (30, 31, 36, 37] have shown that the reduction of air breakdown threshold which

is observed in the presence of droplets is caused by the emergence of optical breakdown
sites in them. These sites may be initiated by Interaction of radiation with droplet
microlmpurlties and the existense of diffraction maxima of intensity.

On extended atmospheric paths, optical breakdown is realized in the form of a long laser
spark (LLS) which was observed on 2 - 60 m paths In [9, 11,35,58 and others]. Different
hypotheses were put forward as to the mechanism of LLS formation. The aerosol nature of LLS
at A = 1.06 Vm was substantiated in [59]. When LLS is formed the breakdown threshold falls
as compared to breakdown threshold in the focal space of the beam.

In the dust-laden air (0.1 - 10 g.m) the conditions emerge under which the threshold of
optical breakdown is reduced to 106 - t0 W.cm- [57]. What we observe is the so-called low-
threshold collective optical discharge (LCOD) under which breakdown sites near individual
aerosol particles influence each other and develop collectively.
Physical understanding of spatial-temporal variations In optical cross-section of

breakdown plasma and experimentally obtained dependencies of breakdown threshold on
particle size as well as other findings allowed a member of author± to propose
semi-empirical models whl;h make It possible to assess aerosol transparency TA = E/E,
under laser radiation pulse propagation [15,59 and others). The examples of calculating the
dependencies of T,.,, and T10.6 on energy density of laser radiation E are given
In Fig. ii [15].
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These models qualitatively describe dependencies of Tx on E o which were obtained in

experiments.
An Interesting feature of aerosol transparency variations under the effect of coupled CO.

laser pulses was noted by Autric M. et al. (10]. It has been found that as the first pulse
passes, a sort of cleaning of radiation propagation zone occurs due to evaporation of
particles and their removal. Thus the zone becomes more "transparent" for passing the next
pulse. The effect is the strongest and transparency may increase threefold when the time
interval between pulses is about 100 L sec.

8. Potential applications of effects of Interaction between intense

laser radiation and aerosol.

The potentialities in using some effects of Interaction of intense laser radiation with
liquid and solid aerosol particles were discussed in literature In the context of handling
the following practical tasks:

- fog clearing over airport runways [33, 51);
- hole-boring in fogs and clouds [21];
- improvement of viewing range of laser beacon in fog [51,52];
- improvement of picture transmission conditions in fog [24];
- remote identification of chemical composition of air pollutants with the use of LLS

[12, i9].
Improvement of visibility range of laser beacons in fog seems a more realistic task. As

was found in (5t] the increase of several fold in detection range for visible laser light
scattered in a clearing zone of 10 cm diameter (from 300 m to 1,5 Km) will take COZ las-r
power less than I0 W. The efficacy of the method is reduced with a diverging CO, laser
beam and Improved with a converging one [52].

In conclusion let me apologize to those colleagues whose works were not mentioned in my
review. I want to thank most warmly Dr. M.AUtric, Dr. Sh.M.Chitanvis and Dr. G.W.Sutton
that they have found it possible to send me the results of their recent studies. I also
appreciate the assisstance I have received in preparing the review from my colleagues Drs
R. Almaev, E. tvanov, V. Mamonov, L. Semenov, A. SKripkin, A. Slesarev and S. ZaKharcheno.
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CLOUD HOLE BORING WITH INFRARED LASERS-THEORY AND EXPERIMENT

E. J. Caramana, R. L. Morse, G. P. Quigley
J. R. Stephens, R. B. Webster, G. W. York

MS E531 Los Alamos National Laboratory
Los Alamos, NM 85745

Results of experimental attempts to produce an optically clear channel in a water cloud by evaporating the cloud droplets
with a CO 2 laser are presented. Using scattered light it is possible to visualize the clear channel produced. Measurements of the
fraction of power transmitted through the channel at visible wavelengths give insight into the clearing mechanisms. The present
data suggest that the water droplets explode in the process of clearing. A theoretical explanation of why this should occur is
presented and predictions of the onset of droplet explosions are made.

Introduction
The ability to clear an optical channel in a cloud has applications ranging from defense to ground based meteorological

observation. 1The interior of many natural clouds cannot be probed by conventional optical means due to the large optical depths
often encountered. By evaporating the liquid water in a cloud, it is possible to temporarily create an optically clear channel.
This paper presents results of laboratory experiments performed with the objectives of determining the conditions under which
a high power pulsed CO 2 laser can produce an optically clear channel and identifying the physical mechanisms responsible for
the clearing and closure of such a channel. In the present experiments, it appears that the droplets first explode resulting in
an initial increase in turbidity. The smaller droplets formed by the explosion then evaporate leaving a partially cleared channel.
This channel remains clear for a time period on the order of a second, finally closing by advection due to turbulence in the cloud.
These findings are consistent with previous work using shorter and longer pulse lengths[l][2].

Experiment
The experiment consists of boring a hole in a cloud while monitoring the scattering and transmission of visible probe beams

that are propagated through the hole. A schematic of the experimental arrangement is shown in Fig. 1. The cloud is produced
in a recirculating wind tunnel built by Boeing Aerospace Corporation. Droplets are formed by high pressure impaction in the
fog chamber and then carried by the flowing a~r into the cloud chamber. The cloud chamber is a tube 80cm in diameter and 5 m
long. The clearing laser beam cuts across the cloud transverse to the direction of flow. Flow speed can be varied from 5 cm/sec
to over 100cm/sec. Throughout this range the flow is turbulent. Measurements of the background cloud temperature, droplet
size distribution and liquid water content are made to characterize the clouds with which the laser interacts. Typically these
clouds have temperatures of 27*C .The liquid water content is measured with a probe manufactured by Gerber Scientific. Liquid
water contents range from 0.6 gm/cm3 to 2.4 gm/cm3 . For the data presented in this paper the liquid water content is about
0.8 gm/cm3 . The droplet distribution is measured using the Forward Scattering Spectrometer Probe manufactured by Particle
Measuring Systems Inc.. The droplet size distribution is shown in Fig. 2. This distribution is insensitive to liquid water content
and flow speed over the aforementioned ranges.

The hole is bored by illuminating the cloud of water droplets with the radiation from a CO 2 laser at 10.6gm. This wavelength
is an efficient choice for cloud clearing because it is strongly absorbed by liquid water and weakly absorbed by water vapor; thus,
most of the laser energy is used to evaporate water instead of heating the air. The laser used is the Meteor II laser at Los Alamos
National Laboratory, which is an e-beam initiated DF-+CO 2 chemical laser. This laser produces pulsed outputs of up to 360
Joules with typical pulse lengths of 25 psec. The laser output is a circular beam, 10cm in diameter with a nearly uniform flux
distribution. The output beam is focussed to a 5cm diameter spot in the center of the cloud chamber. This yields fluences of up
to 12 J/cm 2 at the focus, with 10 percent variations across the chamber. Plots of laser power as a function of time are shown by
the solid curves in Fig. 3 (The scale for these curves is to the left of the plot). The gain switched spike at early times contains a
few percent of the total energy of the pulse.

The simpler of the diagnostics used is the "sheet of light" in which a video camera records the slow time dependence of the
forward scattering of a plane of 0.633pm light. The light sheet is produced by spreading the beam from a HeNe laser with a
cylindrical lens just before the beam passes through the sapphire beam stop (see Fig. 1). The video camera is located on the other
side of the cloud chamber several degrees off the axis of the clearing beam. In the schematic, the light sheet would be perpendicular
to the page. Three photographs obtained with this method are shown in Fig. 4. The channel appears distorted by foreshortening
due to the small angle and close proximity from which it is observed. In reality the sides of the channel are nearly parallel. By
examining these photos, one sees that immediately following the clearing beam an optically clear channel, characterized by low
scattering of visible ligh, has been produced. At later times (" 0.5 sec) the edges of this channel are beginning to break up due
to fluid motion present in the cloud. It is not presently possible to form clouds without fluid turbulence in the cloud chamber.

While the hole is being bored, and for 2 msec afterwards, the fraction of power transmitted through the hole at 0.488pm is
monitored. Fig. 3 presents data obtained when varying the clearing beam flux. The flux was varied by placing various plastic
attenuator sheets in the beam path. The initial increase in turbidity (decrease in transmission) is characteristic of all of the data
taken in which a rapid change in transmission is observed. It is clear from curve a) that this increase in turbidity does not preclude
the possibility of clearing a channel. Although not apparent from the graphs, the final transmission levels were maintained for
at least a 2 msec at which time the sampling of the signals was stopped. A possible explanation for the increase in turbidity is
presented in the next section.

Theory
Because of the long duration of the increase in turbidity evident in Fig. 3 c), d) and e), it is unlikely that this increase is due

to scattering caused by acoustic waves or vapor halos surrounding the evaporating droplets. Instead, it appears likely that the
droplets are exploding, forming a new distribution of smaller droplets. When sufficient energy is present in the portion of the
clearing pulse that comes after the explosions, as in Fig. 3a, the smaller droplets are evaporated and a clear channel is produced.
If the remaining energy is insufficient to evaporate the small droplets, a partially cleared channel is produced (Fig. 3b) and in
some cases the channel actually becomes more turbid as a result of the laser interaction (Fig. 3c-e).
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The reason for this explosion is that heat deposited near the center of a droplet cannot diffuse to the droplet surface on
the time-scale of the present laser-cloud interactions. Thus, the temperature at the center of the droplet can reach very high
levels. The droplet explodes when the central temperature reaches the temperature of the spinodal curve for water at atmospheric
pressure (approximately 3050C )[3]. Above the spinodal temperature, water is thermodynamically unstable to a continuous phase
transformation. For temperatures near but below the spinodal temperature, the water is in a metastable state and can undergo
a phase transition only by nucleation of a vapor bubble. In either event, pressures near 200atm are expected near the center of
the droplet when the phase change occurs. These pressures will then rapidly disassemble the droplet. The details of disassembly
are not discussed in this paper, rather a prediction is made of when such disassembly is to be expected.

We now develop a simple model for predicting the onset of droplet explosions. A similar model has been developed previously
to explain the observation of explosions in single droplet experiments[4]. That model was necessarily more complicated because
the droplets considered were large compared to the wavelength of radiation. Thus, focusing and attenuation of the radiation
caused nonuniform heating. Because the droplets in the present experiment are small compared to the 10.61im wavelength of
the clearing beam, it is possible to assume that the rate of heating is uniform throughout. This reduces the problem to that of
one-dimensional energy conservation in the radial direction. Tile relevant equations are conservation of energy at the surface,

dM 210T
L dt- 47rtcR(T, - Ta) = 47rKR T, IR,

and the heat conduction equation,
aT 1 a OTpC-8- = , -r (2)

Here, R is the radius of the droplet, p is the density of liquid water and L is the latent heat of vaporization of water. Al 47rpR 3/3
is the mass of the droplet. Cv is the specific heat for liquid water and Ka and tic are the thermal conductivities of air and water.
T is the droplet temperature with T, = T(R). Ta is the ambient air temperature. Q is the volumetric heating rate. We take
Q = 41, where I is the incident laser flux and a is the absorption cross-section determined from Mie theory. For 10.6/Lm
light interacting with water droplets less than about 5pm in radius, Q - 103 cm- 1 I. These equations, together with an equation
specifying T, have been solved computationally for a variety of methods of determining T, ranging from simply taking T, = 100°C
to determining T, from detailed particle balance with water vapor diffusing away from the droplet surface.

For the pulsed experiments considered here, the conditions under which a droplet will explode are not very sensitive to the
method of specifying the surface temperature. The reason for this 7an be understood by comparing the time-scale for thermal
diffusion in the droplet with the time needed to heat a droplet to 305'C . The time-scale for thermal diffusion is rD pCvR 2/n
and for the 2.5pm droplets typical of the present experiments this is about 25psec . For the 200kW and greater fluxes typical in
the present experiments the time to reach 305°C is about 5psec . Thus information regarding the boundary does not have time
to diffuse in to the center of the droplet. Examination of Eq. 2 shows that if thermal diffusion is unimportant, the difference
between the final central temperature Tf and the initial temperature T is related to the flux F measured in J/cm2 by:

103 t

Tf _ T i = 103 Idt = 240 F. (3)

If the threshold for droplet explosion is taken to be when the droplet's central temperature reaches 305C having started at 270C
this implies a threshold flux of 1.2J/cmn2 .

The above situation, in which diffusion can be neglected, constitutes one of two limits that can be easily analyzed. In the
other limit, one can determine the incident laser flux I, that would lead to a steady-state central temperature of 305°C . It turns
out that such a steady-state does not exist because the droplet is continually shrinking due to evaporation. Thus, estimating the
threshold flux in this way leads to a lower bound. This estimate is close to the estimate provided by more detailed calculations
because the droplet radius is changing slowly. The steady-state difference between the central temperature T, and the edge
temperature T, in a volumetrically heated droplet is,

103
T7 - T = -1 2 , (4)

where the approximate formula for Q has been used. For even modest I the edge of the droplet quickly reaches boiling, thus
T, = 100°C. This implies a threshold flux of I =7.2 x 104R12. (5)

For 2.51im droplets this gives a flux of 115kW/cm2 .
Fig. 5 presents the results of more detailed computations of the explosion threshold for a 2.5pm droplet irradiated with a

constant flux source, together with the experimental threshold values deduced from the data shown in Fig. 3. The solid curve
is the theoretical threshold curve. The dashed curve is the simple power threshold estimate given by Eq. 5. The data points
correspond to the values of fluence and average flux at a point in time denoted by the squares in figures 3a-f. Note that shattering
was not observed in 3f, and for that case the average power was used for plotting. The error bars are an estimate of the error in
the fluence based on an uncertainty of one time sample in the digitization of the power.

Conclusions
The good agreement between our simple model of droplet explosion thresholds and the experimental data make it likely that

the droplets are exploding under the conditions of our experiments. As can be seen from photographs and transmission data,
this does not preclude the possibility of producing an optically clear channel in a cloud. In fact such channels can be produced.
Continuing effort is needed to determine the optical quality of such channels (phase distortion) and this work is presently under
way at Los Alamos.
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INTERACTIONS OF HIGH-IRRADIANCE CO 2 LASER BEAMS WITH
INDIVIDUAL MICRON-SIZED WATER DROPLETS

R. L. Armstrong
(Physics Department, New Mexico State University, Las Cruces, NM 88003)

Abstract

dynamics.
Irradiation of absorbing aerosols with The experimental arrangement is shown in

intense laser beams initiates many strong Fig. 1. We used a droplet generator in our
interactions, including droplet superheat- experiments capable of producing a stteam of
ing and plasma formation. In this talk, we nearly uniform droplets so that repetitive
summarize recent experiments on the dynamics measurements could be made. To get
of laser beam single aerosol droplet inter- sufficient laser fluence required for our
actions. experiment we operated the laser in a

I t multiline mode (but with more than 90%
Introduction energy output at the 10.591pm wavelength)

and focused the beam to an approximate 325-m
The interaction of a high-irradiance by 220 Um spot. A stream of droplets was

laser beam with an absorbing, micron-sized then directed through the focal volume where
liquid droplet has been the subject of disintegration of droplets, and at higher
numerous recent investigations. Mie fluence levels, droplet-induced laser
scattering theory 2 predicts the existence of breakdown, occurred.
high-intensity regions (hot spots) within Time-resolved photographs of disintegra-
the droplet that depend on droplet radius ting droplets were made through a microscope
and complex refractive index. Inhomogeneous by back-illuminating the droplets with an
evolution of heat distribution in the air-plasma generated by a pulsed Nd:YAG
droplet may result in the temperature withinai-lsagnrtdb apued d:Aadholt so reshin the tepereate iti laser synchronized with both the generator
a hot spot reaching the superheat limit, and the CO2 laser. Thus the Nd:YAG-produced
At thi3 temperature, spontaneous homogeneous plasma served as a fast (~lOns duration)
nucleation of vapor oc&urs followed by strobe light allowing "snapshots" of
explosin of the droplet. At still higher exploding droplets to be taken with a
irradiance, the plasma breakdown threshold conventional 35 mm camera as a function of
is reached and the primary cause of droplet time after initiation of the CO2 pulse. A
destruction is the generation of an intense calorimeter permitted measurement of pulse
plasma near the irradiated droplet. In this energy, uniform plastic sheets provided for
paper, we review recent experimental work on attenuation of laser energy.
the destruction of water droplets by intense As the CO2 laser fluence incident on a
laser beams. droplet is increased, there exists a

definite threshold above which explosion or
Superheating and Plasma Thresholds disintegration occurs; below this threshold

no observable change in the drop takes
The role of superheating in droplet place. A representative time-resolved

destruction has been recognized by several photograph of a disintegrating water droplet
workers. Prishivalko 5 and his colleagues at fluence level near threshold is shown in
developed an approximate model of conductive Fig. 2. Water droplets with a radius
energy transport in order to estimatg somewhat larger than the wavelength explode
droplet superheating behavior. Pendleton on the illuminated side. The reason is that
neglected thermal conductive and transport the high absorption of water causes the peak
processes to obtain estimates of superheated heating to be on that side. Also shown, for
regions within irradiated water droplets, comparison, in Fig. 2 is a photograph of an
and suggested tha the observed droplet exploding ethanol droplet which has less
explosion patterns- could be explained by absorption and explodes on the shadow side.
prediction of what portion of the droplet Water droplets have an extremely well-
reached superheat temperature during the C0 2 defined threshold for disintegration. In
laser pulse. The previously cited work of fact, at laser fluence levels slightly above
Park and Armstrong 3 developed an improved threshold water droplets catastrophically
thermal conductive heat and mass transport explode. Disintegration threshold fluences
numerical algorithm to investigate droplet range from about 2 to 5 J em- 2 and reveal
superheating. Two temporal regimes were negligible size dependence over the range of
delineated; a "fast-heating" regime, where droplet sizes measured (radii ranging from
superheat temperatures are reached within a 10 - 50 pm).
thermal conductive time and a "slow-heating" The measurements are compared to
regime, where longer times are required in predictions of the superheat fluence, the
order to reach superheat temperature. In fluence required to heat any portion of the
the fast-heating regime of interest in this irradiated droplet to superheat temperature,
talk, thermal conduction and mass transport which for water is approximately 305orC. In
play a minor role in droplet superheating the fast heating regime, the super-heat
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fluence given by Using the experimental arrangement of
Fig. 1, the earliest time for visual

p c LT X disruption of the droplet at each energy is
F p (1) recorded while varying the CO 2  laser energy.

max A minimum laser energy value is reached
below which no droplet disruption occurs;

where P and cp are water density Tand this defines the threshold fluence Fth.
specific heat at constant pressure, LT is Figure 4 shows r versus R for several
the temperature difference between superheat materials where T is the delay in initiation
and ambient temperatures, n and k are the of explosion and R is defined as (F -
real and imaginary parts of the complex Fth)Fth, F being the measured fluence. It
refractive index of water at the wavelength is noteworthy that explosion of water
X , and Smax is the maximum value of the droplets initiates long after passage of the
normalized ource function within the water CO 2 laser pulse, but within the thermal
droplet. The theoretically predicted relaxation time for water assuming
fluence values are shown in Fig. 3 together reasonable values for the hot spot
with experimental thresholds; curve (a) dimensions. The data suggest that log i is
denotes the fluence prediction taking into linearly proportional to R. Using
account the temperature dependence of homogeneous nucleation theory, near the
material properties, and curve (b) the explosive threshold only a small volume, Vh,
prediction neglecting temperature of the order of the hot spot region, will be
dependence. It is noteworthy that the heated to a temperature equal to or
former is in better agreement with our exceeding the superheat limit, Tsh. With a
measurements of explosion thr.sholds. finite nucleation rate J, a number N = JVht
Considering that our absolute uncertainty in nucleated bubbles of critical size will form
measurement of explosion thresholds is - in a finite time t. We assume the droplet
2.5, we suggest that agreement between our will explode when a critical number Nc of
measured thresholds and superheat fluence such bubbles if formed. The expected delay
predictions i. good. We conclude that for in this case is
highly absorbing water droplets heated by
submicrosecond pulsed infrared lasers, the
criterion for laser-induced explosion of T = Nc/JVh (2)
droplets is that of superheat fluence.

Thresholds for droplet-induced breakdown
were measured by increasing the laser energy For a temper 8ture T>Tsh, the nucleation rate
(and fluence) until a visible spark was is given by I

observed on about 50% of the laser shots.
At threshold these sparks are much larger
than those for similar measurementi at J = J. exp(- W/kT) (3)
visible and ultraviolet wavelengths. A
candidate explanation for this finding is
the plesence of laser supported detonation where k is Boltzmann's constant and W is the
waves which have more time to expand during work required to nucleate a bubble of
the - 200 ns CO 2 laser pulse than during the critical size. Equation 2 may be
much shorter IOns Nd:YAG pulse in the cited approximaLely written in the form
experiment.9 Breakdown threshold value
cluster around laser intensities of 105
W/cm - 2 , a factor of 4 below the clean-air log t = a + b R (4)
breakdown threshold, but a factor of 50
above drop explosion thresholds. A trend of
slightly higher thresholds for smaller where a and b are functions of the
droplets is evident. thermophysical constants. Using published

values of these constants, we estimate b = -
Delays in Superheat Explosions 1.04 which is in fortuitously good agreement

with the experimental value, -1.02 (see Fig.
Homogeneous nucleation of vapor in 4). Two facts should be emphasized in

super-heating is a statistical process qualifying this agreement; firstly high
described by a nucleation rate which is a temperature thermophysical properties used
nonlinear function of temperature and the in estimating b were determined by
thermophysical roperties of the liquid- extrapolation of low temperature data and
vapor systems. 10 Near the superheat secondly the experimental errors do not
threshold, only a small micro-volume of the permit a precise determination of slope.
droplet within the hot spot reaches the Hydrodynamic effects have justifiably been
superheat limit temperature. For a finite neglected in our model. The acoustic
nucleation rate, a time delay is anticipated transit time for a 30pm droplet is about
between the deposition of heat by the laser 20nsec and no distortion has been observed
pulse and the generation of a sufficient at this time scale. We do not attempt
number of nucleated vapor bubbles to cause theoretical estimate of the intercept a,
destruction of the droplet. This delay may, since it requires knowledge of the critical
in principle, extend to times where thermal number Nc, as well as the volume of the
conduction cause a reduction in the hot spot heated region Vh. However the results do
temperature, suggest that the dynamics of droplet heating
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near the explosive vaporization threshold is used to define initiation of droplet disrup-
adequately explained by classical nucleation tion. Note that water explosion initiates
theory and that thermal transport processes on the illuminated side whereas et anol
and the effect of bubble growth can be explosion initiates on the shadow side.%

neglected.10 Fig. 3. Measures of CO 2 laser fluence
In conclusion, we have shown that required to explode water droplets compared

observed delays in laser induced explosion to predictions of superheat fluence.
of water droplets is explained by Superheat fluence predictions (from Ref. 6)
homogeneous nucleation of vapor caused by that account for temperature dependence of
superheating and that energy and mass specific heat, density, and refractive index
transport pr~cesses may be neglected. (curve a) are in better agreement with

measurement than the prediction that
Acknowledgements neglects temperature dependence of material

properties (curve b).
The author acknowledges his colleagues, Fig. 4. Time delay for initiation of

A. Biswas, B. -S Park, D. Pendleton, and R. explosion, - versus R = (F - Fth)/Fth for
G. Pinnick for collaborating on this several liquid droplets. The least square
project, fit lines for water and ethanol droplets are

shown.
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Figure Captions

Fig. 1. Experimental arrangement for mea-
surement of laser fluence required fro drop-
let explosion and breakdown. Infrared ra-
diation from a pulsed CO 2 laser is focused
by a 38mm focal length germanium lens onto
single droplets emanating from a vibrating
orifice generator (generator not shown).
Explosion of the droplets is viewed or
photographed through the microscope by using
back illumination from an air-plasma
generated by a pulsed Nd:YAG laser operating
synchronously with the CO 2 laser and droplet
generator. This synchronization allows
time-resolved photographs of exploding
dr)plets to be made at selectable times
after initiation of the CO 2 laser pulse.
Fig. 2. Photographs of 35 pm radius water
and ethanol droplets showing the criterion

666



CAMERA WATER ETHANOL

MIRRRADIUS CC No- RADIUS = o

LA ERP 09 1.4 F tF 2.1 Fth

MICROSCOPE

CO2 0
LASER

AIR PLASMA

Fig. 1 Fig. 2

MEASUREMENT SUPERHEAT_____________________________
FLUENCE

KAFALAS & FERDINAND (1973) THEORY200 a wte
Q ALEXANDER & ARMSTRONG (1987) (a) TEMP-DEPENDENTo tal
A KWOK .t al (1988) MATERIAL PROP. m carbon tetrachloride

10t (b) AMBIENT-TEMP 10
N RSETWR MATERIAL PROP. 50E

o 500-

W00 0 20x 2001'
I r'L 0  

oW 20
mx 2 (a) u- .02 .11

I.0 W 00z (b) 100 U'

0 5 U .b=0.60± 0.12
Z 50

0.W
x I
W 2

0.5 IIII
0 10 20 30 40 50 60 0.0 0.2 0.4 0.5 0.8 1.0 1.2

DROPLET RADIUS (ptm)

Fig. 3 Fig. 4

667



EXPERIMENTAL STUDY OF THE OPTICAL PROPERTIES
OF SHEAR LAYERS

Larry Chew* and Walter Christiansen* *
Department of Aeronautics and Astronautics

University of Washington
Seattle, Washington

1. Introduction
Abstract

This research investigated the effects of coherent structures and Recent applications of high powered lasers and imaging systems
external perturbation on the optical quality of a laser beam have renewed interest in the study of laser propagation through
propagating transversely through a shear layer. A low speed turbulent mediums. 1 If these turbulent mediums consist of fluids
shear layer was generated using two parallel streams of gases (air with different refractive indexes, then random phase errors in the
and helium/argon mixture). A 6.5 cm diameter beam was passed beam can be produced. Phase errors will cause substantial
through the shear layer and the far-field intensity profile was reduction in beam intensity and therefore loss in beam power
obtained to calculate its Strehl ratio. High speed intensity transfer through the turbulent medium.2 Gradients in refractive
profiles showing multiple peaks instead of a singular Gaussian- indexes are typically caused by temperature or density
like peak suggest that coherent structures influence the shape of differences. Interaction between laser beam and turbulent flows
far-field intensity profiles. Time averaged pictures showed that are common occurrences in many engineering applications and
external harmonic perturbation of a shear layer can improve its two examples are the aerodynamics windows and ground based
Strehl ratio. In addition, fluid mechanical phenomena such as laser systems. 3

transition may decrease the Strehl ratio. These results
demonstrate that the optical properties of shear layers may be One of the most common turbulent flow is the shear layer.
controlled via fluid mechanical means. It forms when two streams of fluid with different velocities meet

to share a common interface. The shear stresses resulting from
the different velocities initiates an instability called the Kelvin-
Helmholtz instability to grow causing the flow to become
turbulent. 4 The two streams may have different densities and
refractive indexes.

Nomenclature Until recently, fluctuation in refractive index due to shear
layer turbulence had been assumed to be homogeneous and

Ux Experimental constant isotropic. Using this assumption, Vu and Sutton modeled the
Gladstone-Dale constant optical performance of a homogeneous shear layer in terms of the
Shear layer thickness Strehl ratio (defined as the ratio of the peak intensity of a beam
Phase of wave with phase aberrations to the peak intensity of an ideal

02 Mean square of phase deformation diffraction-limited beam). 5 For lack of a better model, this work
<(A n)2> Mean square average of index difference was accepted by many researchers as a means of predicting the
< > Spatial average Strehl ratio, although the model has not been adequately tested
(-) Time average experimentally to date. In addition, the assumptions on which
Pi Fluid density of upper stream this model was based has restricted its application to limited
P2 Fluid density of lower stream situations (for example, the assumption that shear layer
I Integral length scale turbulence is strictly homogeneous).
ni Refractive index of upper stream
n2 Refractive index of lower stream In 1971 however, Brown and Roshko observed large scale
SR Strehl ratio coherent structures during experimental flow visualization of a
U, Fluid velocity of upper stream shear layer.6  These large structures are vortices (also called
U2  Fluid velocity of lower stream eddies) which spin around and cause mass and momentum

transfer across the shear layer. The spinning structures are
convected downstream at the mean freestream velocity of the
shear layer. The existence of coherent structures negates the
assumption that shear layer are homogeneous and raises the
question as to how coherent structures affect beam propagation
characteristics. In addition, Oster and Wygnanski in 1982
showed that external perturbations affect the growth rate of these

Graduate student, Aerospace and Energetics Research coherent structures. 7 If indeed coherent structures influences
Program, University of Washington. Student Member beam propagation and these structures can be controlled by
AIAA. external perturbation then that leads to an interesting possibility

** Professor, Department of Aeronautics and Astronautics, of controlling beam propagation through shear layers by using
University of Washington. Associate Fellow AIAA. external perturbations.
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. ... where k is the wave number, A n is the index fluctuation, X is the
integral length scale and 8 is the shear layer thickness. 5 In 1980,
Vu, et al., using volume fraction arguments suggested that the
index fluctuation may be written as 2 (nl-n2)2.5 Experimental
results by Batt provided the values of alpha of 0.15 and X= 8/4
based on heat diffusion measurements.1 0

The final form of the Strehl ratio for a low speedu2. p., n2 homogeneous shear layer between two optically dissimilar gases
was shown by Sutton to be

SR = exp (- 2 k2 oa2 (ni-n 2)2 82/4 }

However, the Strehl ratio of a laser beam passing through a shear
layer has not been well predicted using this equation, primarily
because of the weakness in the assumptions used.

Fig. 1: Laser Beam Passing Through a Shear Layer
Subscript 1 represent high speed fluid; subscript 2.1 Fluid Mechanics Background
2 represent low speed fluid. X is streamwise
direction It was originally thought that a shear layer was homogeneouslyturbulent. However, in 1971 Brown and Roshko saw largecoherent structures during their flow visualization of a shear

This research investigated the effects of coherent layer. In 1973 Rebollo measured growth rate of the layer
structures on the optical quality of a beam propagating through a thickness, 8, defined as the vertical distance between positions in
mixing layer and the possibility of perturbing a shear layer to the flow where velocities have dropped to 99% of their respective
control optical transmission. A shear layer was generated in a freestream speeds. 11 He found that thickness, 6, grew linearly
wind tunnel and a laser beam passed normal to the shear layer with downstream distance as long as there was no pressure
(see figure 1). The peak intensity of the laser beam was gradient in the flow. Based on work done at the California
measured to obtain the Strehl ratio. The Strehl ratio was derived Institute of Technology, Dimotakis modeled growth rate and
from far-field measurements of beam intensity, so that near-field showed that it was a function of velocity ratio and a weak
aberrations were allowed to die out. The beam was directed function of density ratio.4
through different sections of the coherent structures to
demonstrate the effects of these structures upon beam Winant and Browand showed that freestream fluid was
propagation characteristics. Time averaged Strehl ratios were entrained by these large vortices as they were convected
also obtained for unperturbed and perturbed shear layers to show downstream causing a growth in size. 12 In addition, the spinning
the effects of controlling shear layer fluid mechanics on the vortices were seen to pair or amalgamate and therefore enhance
Strehl ratio. Finally, the beam was passed through varying the growth process. While studying chemical reaction and
downstream positions of the shear layer to observe fluid turbulent mixing in a shear layer, Breidenthal (1981) saw a
mechanical influences on beam propagation. region of marked increase in molecular scale mixing.13 This

transition region was characterized by a sudden increase in the
2. Theoretical Background number of three-dimensional vortices responsible for increased

mixing. The pre-transition region was two-dimensional while the
In a mixing layer, turbulence creates random spatial and temporal flow in the post-transition region was fully developed and self-
fluctuations of gas density. These correspond to fluctuations in similar.13
gas refractive index given by the Lorentz-Lorenz formula:

n = 1 + K p In 1982 Oster and Wygnaski perturbed a shear layer and
observed a region of no growth.7 At the resonant frequency,where K = 3 / Pref and 03 is the Gladstone-Dale constant.8  large vortices appeared axially aligned with uniform spacing.
Each vortex cancelled the induced effects of the next, resulting in

Wave diffraction theory shows that beam degradation is no net force and therefore constant layer thickness. These
primarily caused by phase distortion. 8 The Strehl ratio (SR) may changes in shear layer fluid mechanics due to external
then be given by the following expression: perturbation suggested that the optical propagation characteristics

of the shear layer may be controlled.SR =I -0-

where Y
2 = 02 - ((D) 2 is the spatial mean square deformation

of the wave phase front, 0. For accurate results, the phase
distortion should be small. If the phase aberration is not small, a 3. Experimental Apparatus and Experimental Procedures
better approximation is given by the empirical formula: 9

The experimental apparatus consisted of the following:
SR = I - exp (-a 2 )

1) Wind tunnel
The mean square phase aberration was modeled by Sutton as: 2) Forcing mechanism

3) Optical set up
a2 = 2 k

2 < ( A n )2 > , 6 4) Data acquisition system
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Fig. 2: Schematic Diagram of the Wind Tunnel
Fig. 3: Optical Setup

3.1 Wind Tunnel 3.3 Optical Set Up

The wind tunnel as shown in figure 2 consisted of two tunnels, The optical apparatus, shown in figure 3, consisted of a spatial
one on top of the other, discharging two separate, optically filter, collimating lens and receiving telescope mounted on an
dissimilar fluid streams into a common test section. Variable optical rail. The collimated, filtered beam was directed through a
speed rls on the lower es thn 0.% the air velocity to be variable aperture which enabled the diameter of the beam to becontrolled. The upper chamber was separately fed with various adjusted between 0.5 cm to 6.5 cm. Two beam paths were
gases from pressured bottles. The above configuration enabled formed by a beam splitter; the first beam was directed through

the velocity ratio and density ratio of the shear layer to be the shear layer via three-axis mirrors and then intercepted by theindependently varied. Honeycomb in both tunnels was used to receiving telescope. The far-field intensity pattern was focused
straighten the flow, while the turbulence level was reduced by onto the image plane through the receiving telescope. The
three screens. Hot wire measurements in the test section revealed second beam was passed, at tight angles to the first beam,
a turbulence intensity of less than 0.5% at a mean velocity of 2.4 through the layer onto a photographic plate to obtain side view
m/s. A 4-to- I contraction ratio of the exit nozzles also helped to pictures of the shear layer at the same instant as the plan view
reduce the turbulence due to the favorable pressure gradient. The intensity profile.
splitter plate extended throughout the entire length of the wind
tunnel ending just at the exit of the nozzles. The test section
measured twelve inches by four inches by two inches and was
constrcted out of plexiglass. The section contained four optical RrCON CAMERA
windows to allow passage of the laser beam. The top and bottom
walls were mounted on steel plates enabling adjustment of their
position so as to remove the streamwise pressure gradient in the
flow. The two free streams, with velocities Ui, U2 and densities
Pi, P2, initially mixed on contact in the test section to form the BEAM
shear layer. Finally, the entire wind tunnel was positioned on a
cart enabling the test section to be translated in the streamwise
direction with respect to the optical system.

SMICROTEX IMAGING SYSTEM

A TO D CONVERTER
BUFFER MEMORY

3.2 Forcing Mechanism MCROVAX I

The source of ext,,rnal perturbation to the shear layer was a 10 DATA REDUCTION
mm wide, thin oscillating plate attached to the trailing edge of the
splitter plate. The flap was connected by tensioned piano wires
to wo acoustic speakers which were driven at frequencies
ranging from 0 to 350 Hz. In these experiments, the forcing
frequency was 280 Hz and the flap peak to peak amplitude was
0.7 mm. Fig. 4: Imaging and Processing

670



4. Experimental Procedures

In i. investigation, the top and bottom streams of the shear
layer consisted of a helium/argon mixture (1.8 m/sec) and air (3.0
m/sec). The velocity ratio of the two streams was therefore 0.6.

1 tensity Helium (30.6%) and argon (60.9%) were mixed to provide a
density ratio of 1.0 with respect to air and also to provide a
refractive index difference (An = 6.4 x 10-5) between the two

y streams. At such low speeds, density fluctuations were
negligible. The growth rate (d5/dx) was 0.1, which agrees with
that obtained by Brown and Roshko.6 Spectral analysis of hot
wire measurements established that the natural or resonant

x frequency of the flow for the above parameters was 280 Hz.

>- The experiment consisted of two parts: the first was to
obtain instantaneous intensity profiles of a laser beam passing
through different parts of a vortex within a shear layer to show
the effect of coherent structures on laser beam quality. The
second part of the experiment was to obtain time averaged Strehl
ratios of a laser beam first passing through an unperturbed shear
layer and then through a shear layer perturbed at 280 Hz.

5. Results

The experimental results are presented in two parts: the first are
short duration (100 microsecond exposures) images of a laser
beaim propagating through a shear layer, and the second are time

. ,. averaged images (2 second exposures) of the same laser beam.

-_ _-._._- _ ---- . 5.1 Short Exposure Result

Figure 6 shows the effect of coherent structures on a 6.5 cm
diameter laser beam centered 5.0 cm downstream from the
splitter plate. The upper picture is a 100 microsecond exposure
side view shadowgraph of a mixing layer with visual growth rate
(d8/dx) of 0.1, showing the vortices that affect the laser beam.
The lower picture is an intensity profile revealing a main peak
with smaller satellite peaks on both sides, indicating the effects of
coherent structures on beam propagation. The shape differs from
that expected for a homogeneous shear layer which has a wide
spectrum of turbulent sizes. The far field intensity profile for a

Fig. 5: Intensity Profile of Airy Pattern obtained by homogeneous layer would normally be a single, bell-shape peak
Image Processor with small amplitude fluctuations in the profile. Although not

confirmed at this point, appearance of multiple peaks in the
intensity profile might be due to the differences in optical
pathlength across a shear layer. For example, a ray of light
passing through a vortex would experience a very different
optical path than a ray passing through a braid, the region
between two vortices. These differences cause phase aberrations
to the beam wave front resulting in a complicated far field
diffraction pattern.

3.4 Data Acquisition System
To further test the observation that coherent structures

An EG&G Reticon camera with 128 x 128 pixel array was used affect beam intensity profiles, a 6.5 cm diameter beam was
to integrate the image at the camera image plane over a period of passed through a series of pairing vortices caused by perturbing
either 2 seconds or 100 microseconds. The intensity image was the flow at 140 Hz. Figure 7 was taken at 100 microsecond
digitized by a Microtex imaging computer system with 12 bit exposure and the beam centered 5 cm downstream from the
resolution and the image stored on a computer (see figure 4). splitter plate. The initial vortices amalgamated to form even
The Strehl ratio of two digitized pictures was calculated by larger vortices whose optical effects on the laser beam were
dividing the peak pixel amplitude of the distorted beam by that of apparent in the intensity profile shown in the figure. 12 Phase
the reference beam. Figure 5 is an example of the pictures distortion of the laser beam by these large vortices along with
obtained by the Microtex imaging system. The x and y complicated far-field diffraction resulted in multiple peak
coordinate of the figure correspond to the spatial coordinate of intensity profiles. A sequence of pictures also revealed that as
the image plane while the z axis indicates the digitized intensity, these large vortices convected downstream, their corresponding
The picture shown in figure 5 is a pseudo 3-D intensity profile of intensity peaks also translated in the camera image - both
an Airy pattern (the far field diffraction pattern of a circular, temporally and spatially. This observation further demonstrated
uniform phase laser beam). The central peak is the 3-D image of that it was the large vortices which caused multiple peaks to form
the Airy disk. The first ring of the Airy pattern can barely be in the intensity profiles. From these last two figures, there seems
seen in figure 5 because its peak intensity is about 1% of the little doubt that coherent structures affect shear layer optical
central peak intensity. 8  propagation characteristics.
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-U
(a) Instantaneous shadowgraph of the flow (a) Instantaneous shadowgraph of the

Herturbed at the subharmonic frequency unperturbed shear layer(140Hz)

(b) Far-field intensity profile showingmultiple peaks (b) Far-field intensity profile showing a
main peak with smaller satellite peaks

Fig. 6: Effects of Unperturbed Coherent Structures Fig. 7: Effects of Perturbed Coherent Structures
(The 6.5 cm diameter laser beam is centered at 5 (The 6.5 cm diameter laser beam is centered at 5
cm from the splitter plate. cm from the splitter plate.
The exposure time is 100 microsecond.) The exposure time is 100 microsecond.)

images were obtained. A 6.5 cm diameter laser beam was
5.2 Long Exposure Results centered 8.5 cm from the splitter plate. The size of the beam and

the position of the beam are marked on figure 8 to show the
Time averaged pictures (2 second exposures) integrated the position of the beam relative to the shear layer. A two second
optical effects of approximately 80-200 vortices passing through time averaged picture of the ideal diffraction limited beam is
the beam. The time averaged Strehl ratio measured the quality of shown in figure 9a. The beam is now Gaussian in shape (because
the beam after it passed through the vortex structures in the shear of the time averaging) agreeing well with statistical bell-shaped
layer. distributions. The smaller peak on the left front comer is a

reference peak used to normalize the peak intensity to remove the
Shadowgraphs of an unperturbed and perturbed shear effects of laser power fluctuation. When the beam was passed

layer are given in figure 8 which demonstrates the effects of through the linearly growing, unperturbed shear layer, the
perturbation on shear layer growth. The natural shear layer grew intensity profile in figure 9b flattened and the peak intensity
linearly at a growth rate of 0.1. For this shear layer, the natural dropped. The time averaged Strehl ratio was measured at 0.66.
Kelvin-Helmholtz frequency (most amplified frequency This loss of intensity was caused by phase distortions produced
according to linear instability analysis) was determined to be 280 by the turbulent shear layer. However, when the same flow was
Hz using a hot wire anemometer and spectrum analyzer. When perturbed at the natural or resonant frequency of 280 Hz, the
the flap was oscillated at 280 Hz, the layer stopped growing as intensity profile narrowed and the Strehl ratio increased to 0.91
shown in the figure 8b. The resulting vortices were constantly (see figure 9c). In fifty sequential trials, the Strehl ratio
spaced and marched downstream uniformly. About 11.5 cm improvement averaged 38% with a mean value of 0.90 + 0.07.
from the splitter plate, the original growth rate was resumed. This remarkable result demonstrated that the optical propagation

characteristics of a shear layer may be controlled by controlling
To show the effects of perturbing a shear layer on the its fluid mechanics; this opens new and interesting avenues of

optical quality of the laser beam, a series of long exposures research for controlling optical behavior of shear flows.
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L 6.5 cm - _ __

(a)Unperturbed shear layer showing a linear growth rate: &/x = 0.1

(b) Shear layer perturbed at its fundamental frequency (280 Hz)

showing no growth from the splitter plate to X = 11.5 cm

Fig. 8: Example Shadowgraphs of Unperturbed and Perturbed Shear Layers
(Note: The arrow represents the location of a 6.5 cm diameter beam used to obtain
figure 6.)

Finally, figure 10 shows Strehl ratio plotted versus downstream affects on beam quality. These results promise innovative
distance from the splitter plate for an unperturbed and perturbed methods of controlling the optical propagation characteristics of
shear layer. The beam was passed through the shear layer turbulent media, and perhaps methods of improving the
starting at 4 cm from the splitter in increment of 1 cm. The transmission of lasers and the reception quality of imaging
Strehl ratio for the unperturbed shear layer clearly shows fluid systems.
mechanical influences on optics. The Strehl ratio is first constant
at 0.9 from X= 4 cm to 8 cm. The SR then decreases rapidly and 6. Summary
asymptotes to a value of about 0.35 at X= 18 cm. Notice that the
region of rapid decrease corresponds well to the region of A wind tunnel was used to generate a low speed shear layer
transition in the shear layer. The transition region is where there between two optically dissimilar gases. A 6.5 cm diameter laser
is a sudden and definite increase in molecular scale mixing. It is beam was passed through the shear layer and the Strehl ratio was
also the region where there is a sudden increase in three measured. Multiple peaks in the instantaneous intensity profile,
dimensional structures. This suggests that smaller scale three instead of the usual singular Gaussian-like peak, clearly showed
dimensional turbulence causes larger phase distortion to a beam that coherent structures in shear layers affect beam propagation.
than the larger scale two-dimensional vortices. The second line Externally perturbing the shear layer altered its growth rate,
in the graph shows the Strehl ratio at different downstream indicating the possibility of controlling the optical propagation
locations for a perturbed shear layer. The noticeable difference characteristics via changes in fluid mechanics of the flow. In
here is that when a shear layer is forced it stops growing for a particular, perturbing the shear layer at its resonant frequency
certain spatial distance (from X= 8cm to 10 cm) and during this altered the fluid mechanics of the flow in a manner which
time the Strehl ratio remains at a high value of 0.9. This suggests improved the Strehl ratio. This research showed that laser
that no growth in shear layer thickness allows for better beam transmission through turbulent media may be improved via
propagation. When the flow begins to grow linearly again the external control of shear layer fluid mechanics.
Strehl ratio decreases.
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Small-scale thermal blooming is investigated with a linear theory, a fully non-linear

wave optics propagation code, and a laboratory experiment. The linear theory and the
wave optics code show excellent agreement. The laboratory experiment shows excellent

agreement with the modelling for the high spatial frequency modes.

'-.J'Lockmeea

ESTATEMENT OF THE PROBLEM ']'][D[D

Recently, attention has been directed to the effects of small-scale structure growth due to
thennal blooming, which appears to limit laser propagation through the atmosphere for
short wavelength, large diameter systems.

Growth of small scale disturbances due to fixed irradiance fluctuations contains most of
the essential physics of small scale thermal blooming.

* Considerable modelling with wave optics propagation codes and analysis has occurred.

* NERA has achieved agreement of codes and analysis for the initial value problem with a
turbulence seed (Hatfield, Myers).

This effort is our first attempt at anchoring the codes and analysis with experiment.
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METHODS OF INVESTIGATION

* CODE

- PHOTON, wave optics propagation code
- turbulence, thermal blooming, NLO (Raman)
- four dimensional: (x,y), z, t

ANALYSIS

- Neumann expansion of the linearized blooming equations for infinite beams
(developed by Hatfield)

- extension to finite beams

* LAB EXPERIMENT

- seeded-growth in a liquid blooming cell

GOALS OF EXPERIMENT ANALYSIS "7-?'ockheea

IGFLTIE F

* Provide traceability from analytic theory of thermal blooming to laboratory data

- Obtain agreement between analytic theory and PHOTON simulations
- Obtain agreement between PHOTON simulations and laboratory data

(Phase aberrations are present in laboratory experiment that are currently not
accounted for in analytic theory.)

" Use time evolution of farfield spot of laser as a diagnostic for small scale thermal
blooming
- Growth of high frequency components corresponds to growth of small scale

thermal blooming

" Finite beam effects must be included

- Gaussian laser profile =* non-uniform intensity
- 1/e2 beam diameter -15 times scintillation scale =* whole beam effects on scales

not too far removed from scintillation scale.

_ APPROACH FOR MODELLING -EOockheed
LAB EXPERIMENT

II
Intensity I
Screen Blooming cCO

, I  Cell Far Field

A, +tser -

blooming

Input conditions I vertex operator Fourier transtorm

* Treat laser intensity after intensity screen as input condition

- Assume independent of time

* Assume blooming cell is a slab absorber := diffraction negligible in cell

* Propagation of beam to farfield can be performed using Fourier transform
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LINEAR THEORY

SGBFEL TIE

* Complex amplitude of electric field can be written in terms of intensity and phase
U = "FIeC iS/2

* Contributions to complex amplitude from unperturbed laser and intensity screen

- Screen treated as a perturbation to obtain a linear theory
I=10( 1 +11)
S=S0+Sl

* Whole beam parameters must be retained

* For modelling lab experiment

1o - Gaussian intensity profile
So= 0 (uniform phase)
11 -Gaussian random variable
S1 =0
Assume all input parameters are independent of time

* Predict growth of phase aberrations without further assumptions.

ANALYTIC THEORY: "=Itock/leed
FARFIELD CALCULATION El 1 E-±1

* Farfield intensity:

(u0c,t) u*(Ct)) = I f ddr' e-ic.(rr) (u(r,t)u*(r',O)
(2 n)2

where

( ) denotes an ensemble average

(u(r,t) u*(r',t)) = 410(r) 10(r') e /2[S(r)SO(r')] (e l /2[lI(r)+It(r')+i S(r)-i St(r')])

* This quantity is the mutual coherence function, which allows one to predict the Strehl.

* Use properties of Gaussian random variables to evaluate ensemble average

* Perform angular integration of (u(K,t) u*(K,t)) to produce farfield spectrum

SCOMPARISON OF ANALYTIC THEORY/w,&ooe
CODE SIMULATION [D -0 E] El

I GBFE L 
TIE I

Performed PHOTON run using following conditions:

- Truncated Gaussian laser profile : l/e 2 diameter = 2.0 cm
- Heating rate 32.7 radians/sec
- Pulse length 0.02 sec

Intensity screen

- Generated using Gaussian random variable
- Variance = 0.068
- "Scintillation" scale - 0.15 cm
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sr,,?ocm~eeo,EVOLUTION OF FARFIELD INTENSITYU ][][W
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GETEXPERIMENT RESULTS El] E'0

* Amount of energy scattered into large angles higher than computer simulation predicted.

* Assume additional wide angle scattering due to phase aberrations in the system (non-

uniform laser phase, optics aberrations, thermal fluctuations in cell).

* Use lab data to determine point spread function due to phase aberrations in blooming all.

* Assume point spread function invariant over time of thermal blooming run (:5 I sec) and
convolve with code output at times greater than zero to predict time evolution of
laboratory farfield spectrum.
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I GBFEL TIEEXPERIMENT FEATURES [0 El [D F"g

Uncompensated growth is diagnosed via the time evolution of the far-field intensity
pattern.

A realistic, multi-mode seed is employed, not a single sinusoidal mode.
This allows one, in principle, to calculate and measure the reduction of the Strehl, not
simply the growth of a single mode.

The seed is a pseudo-random, fixed intensity screen.

(;t 1ELoc1dteec

_ CURRENT OPTICAL LAYOUT
GBFEL TIt J

Far-Field c'ns

attenuating
NBa ##

flatBS #

BS ~~~ ~ Shte #3 1 hte ar-il

HARDWARE SPECIFICATIONS [JE]JI[][

C L

* 2w (514rim) Argon-ion laser

* 25cm long, 6cm diameter 12:CCI4 blooming cell manufactured by Adaptive Optics
Associates.

( Cooled CCD with 12 bit readout

I Optics all N20 or I10; far field lens is a pIano-convex, 2m fa. lens.

* Cell was temperature regulated, ~.01 C/Ih', to stabilize behavior but liquid still adds
significant phase.
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HARDWARE SPECIFICATIONS "t'.-1doc*uee0
(cont'd) El Q]El[2

IGFLTIE

Intensity screen

- 256x256 Gaussian white noise, Gaussian correlation function.
- 2048x2048 binary pattern (opaque/clear) with each 8x8 region having av-rage

transmittance of a 256x256 pixel
- contact printed in chromium onto X/20 optical flat

"NEAR FIELD" INTENSITY THROUGH SCREEN

,U!9 "Y ocA/ eed

A THERMAL BLOOMING RUN E- '][][0]ED
GBFEL TIE j

* Optics and filters are positioned, aligned, laser on.

EXPOSURES

* Oper shutter I to bloom the cell

* Expose and read out the far-field CCD 17 times:

- open shutter #2 for 5ms
- shift and read out a 32 pixel wide strip

* Close shutter I

BACKGROUND MEASUREMENT

* Open shutter I

x iead out the far-field CCD 17 times

- shift and read out a 32 pixel wide strip with shutter #2 closed

* Close shutter I

' J'dockmeed

EXPERIMENT PARAMETERS [ ED E'
SGBFEL TIE I

* 1.5 w through beam expander

* 33% average screen transmittance

* 33% absorption in cell

* Is run time, 17 frames

• 5ms exposures, spaced - 60ms apart
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EXPERIMENT WITH AND WITHOUT o
INTENSITY SCREEN

IGFLTIE 7

WITH SCREEN NO SCREEN
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High frequencies show relative growth with the intensity screen seed. With no screen,
the high-frequency tail does not change shape - it just moves out.

" 3 "Ea ockh~eea
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* The t=O spectra are quite different when the cell is empty or iled with CC14.

* These data, normalized for constant total power, show that the thermally stabilized
liquid adds significant phase to the beam.
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QUANTITATIVE AGREEMENT
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" The high frequency growth is quantitatively the same for the lab experiment and the
model corrected for the initial conditions and using the measured "near field".

" The high frequency growth agrees over the region of adequate SNR (down to <1 A/D
unit measured intensity).

* The low frequencies disagree and the data also show bumps which are presumably non-
staionary diffraction rings.

: J' oc/keedt

CONVOLVING PHOTON OUTPUT []rill-beet
2 Q l DW

GBFEL DLFi

* Phase aberrations in system significantly alter farfield intensity

S - 4
z

0..

0 - PHASE 0
-- PHOTON _1 - - Mod.PHOTON

0 0 ,

-5.5 -5.0 .4.5 -4.0 -35 -5.5 -5.0 -4.5 -4.0 -3.5

Log of Radians Log of Radians

CONCLUSIONS %F]?1ockgeea

[GFE IE

* Linear theory and code simulation show excellent agreement.

* The experimental results verify the modelling predictions for the growth of the seeded,
high frequency modes when the model is corrected for non-ideal initial conditions.

* Low-frequency/whole beam behavior currently disagrees. Possible explanations include
details of the experiment protocol and are currently under examination.

* We have a triad of tools - linear theory, code simulation, and laboratory experiment -
which agree on the effects of small-scale structure growth due to thermal blooming.
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NATURAL AMELIORATION OF BEAM QUALITY DEGRADATIONS
CAUSED BY ATMOSPHERIC PROPAGATION OF

HIGH ENERGY LASER RADIATION-

Naresh C. Mehta
Optical Wave Propagation Group

Lockheed Palo Alto Research Laboratory
3251 Hanover Street
Palo Alto, CA 94304

ABSTRACT

Non-linear interactions of a high energy laser beam with the atmosphere lead to severe wavefront
distortions and reduced performance of ground-based laser systems. We discuss the role of natural
atmospheric dynamics in ameliorating these wavefront degradations and in improving system
performance. Atmospheric wind fluctuations, both vector wind gradients and random variations, play a
role in reducing the effects of thermal blooming. Computer simulations are used to calculate system
performance in the presence of idealized linear wind shear and random mini-shear. Substantial seasonal
performance improvement can be realized when natural ameliorating atmospheric effects are present. We
also find that significant amounts of high energy laser power can be transmitted from a ground-based laser
site in the southwestern United States.

INTRODUCTION

When a high energy laser (HEL) beam propagates through the atmosphere, it suffers wavefront
degradations due to its interactions with the atmosphere. Two of the major physical effects responsible
for these wavefront distortions are optical turbulence, thermal blooming and their mutual non-linear
interactions. These HEL-atmosphere interactions lead to reduced energy deposition on a distant target.
In order to improve the far-field performance of a ground-based-laser (GBL) system, one must find ways to
ameliorate the wavefront distortions caused by HEL-atmosphere interactions.

One way of compensating the atmospheric effects on the HEL wavefront is to pre-distort the outgoing
HEL beam with an adaptive optics (AO) system so that one can obtain an undistorted wavefrunt upon
propagation through the atmosphere. But, if a phase-only AO system is used to correct the outgoing HEL
wavefront, small scale structure on the HEL beam can grow unstable, leading to a catastrophic breakup of
the HEL beam. This positive feedback mechanism between a phase-only AO system and the HEL beam
has been named the phase compensation instability (PCI) [1]. PCI is characterized by an exponential
growth in time of small-scale filamentary structure on the HEL beam as laser pulses propagate through the
bloomed atmosphere.

It has recently been recognized that there exist natural processes in the atmosphere which also
ameliorate the wavefront distortions caused by turbulence-blooming interactions, resulting in improved
GBL system performance. In this paper, we investigate the role of such natural atmospheric effects in
providing amelioration of HEL distortions and the ability to transmit HEL power through the atmosphere
from a GBL site.

Significant progress has been made over the past few years in understanding the basic
turbulence-blooming interactions which cause wavefront aberrations of an HEL beam propagating
through the atmosphere. Analytical models and sophisticated computer simulation codes have been
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developed to study the complex HEL-atmosphere interactions and have led to predictions of the
performance of candidate GBL systems. Simple analytical models with uniform atmosphere have been
developed to look at the role of wind fluctuations in damping PCI growth [2]; but, in this report, we present
the results of a qualitative analysis using computer simulations. We have used a 4-D propagation code,
GRAND, developed at the Lockheed Palo Alto Research Laboratory, which performs detailed wave optics
calculations of the effects of turbulence and thermal blooming on an HEL wavefront, and includes models
of a phase-only AO system and of time-dependent atmospheric kinematics.

After a brief description of amelioration provided by natural atmospheric processes, we discuss the role
of idealized linear wind shea and of random wind fluctuations in ameliorating wavefront degradations ai ,d
in improving GBL system performance. We then utilize atmospheric characterization from a GBL site, at
the White Sands Missile Range (WSMR), New Mexico, to study the effects of real atmospheric dynamics
on HEL propagation and the transmission of HEL power as a function of season. We conclude with a few
cautionary remarks about predicting performance of larger GBL systems based on results discussed here.

AMELIORATION BY ATMOSPHERIC DYNAMICS

When an HEL beam propagates through the neutral atmosphere, some of its energy is absorbed to
heat the atmospheric constituents. Although the temperature rise is minute compared to the ambient
temperature, the resulting refractive index variations are large at optical wavelengths and can severely
distort the propagating HEL beam. This non-linear process is called thermal blooming. Interactions of
atmospheric turbulence and thermal blooming can lead to an enhancement ot small scale structure on the
HEL beam, resulting in a beam breakup and reduced far-ti' ' -.erformance.

Any process which reduces the effects nf thermal blooming on HEL wavetront helps in improving
system performance. When there is no wind component transverse to the HEL beam path, heat
accumulates in a column of air defined by the propagating beam and results in beam distortions due to
severe thermal blooming. A uniform, unidirectional wind can transport some of the heat out of the beam
path between HEL pulses, but cannot prevent the growth of PCI from small-scale structure on the
wavefront. For damping PCI growth, one must somehow dealign or scramble the 3-D filamentary structure
on the HEL wavefront and prevent it from being reinforced. A non-uniform atmospheric wind profile will
cause such dealignment or scrambling of PCI structure to improve the overall system performance.

Although there is only one fundamental mechanism for suppressing PCI growth, we differentiate
between the amelioration provided by a linear wind shear and by random wind fluctuations for the
purposes of this paper. If there exists a change in wind speed with altitude, it dealigns the PCI modes
alcng the downwind direction to stem their growth. In the case of a wind spiral, where the wind direction
changes in height, a similar dealignment process is applicable, perhaps less efficiently. We call the
amelioration by linear wind shear the linear dealignment. The second kind of wind amelioration is due to
mini-shear where there are random fluctuations of transverse wind components with altitude. In this case,
PCI modes are prevented from being reinforced by random fluctuations of vector wind as the HEL
propagates through the atmosphere. We term the amelioration by random wind fluctuations the
mini-shear scrambling. We will discuss the comparative roles of both linear dealignment and mini-shear
scrambling in improving the performance of GBL systems.

The other major physical process which under certain circumstances can provide the required
amelioration is turbulent mixing. Turbulent mixing is characterized by a time-dependent velocity field at a
given height which induces local mixing of deposited heat; in comparison, mini-shear assumes ,uniform
wind velocity at a given altitude. The physical processes of turbulent mixing relevant to HEL propagation
are not yet fully understood and are an active area of investigation. Some researchers (31 in the
propagation community have suggested that wind mini-shear will provide larger amelioration of HEL
wavefront degradations than turbulent mixing in all relevant GBL scenarios, but the agreement is far from
unanimous [4]. The relative importance of turbulent mixing vis-a-vis mini-shear in HEL amelioration
remains unclear at this time. For these reasons, the ameliorating role of turbulent mixing will not be further
pursued here.
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GBL BASELINE PERFORMANCE

To assess the role of natural amelioration on HEL wavefront degradations, we must define a reference
(baseline) GBL scenario, against which the effects of atmospheric dynamics can be judged. Table 1 lists a
set of HEL, AO and atmospheric parameters that characterize the baseline GBL scenario. We have
chosen the propagation medium to be a 5 km high uniform atmosphere. Optical turbulence is

characterized by a 11.7 cm Fried ro value. The total heating
in the atmosphere is represented by an integrated
absorption of 0.75%. We have assumed a unidirectional
constant wind of 3 m/s. There is no beam slewing in theGBL BASELINE SCENARIO bsln cnrobaseline scenario.

Uniform 5 km atmosphere We assume the HEL wavelength to be 1.06 gm and the
Turbulence ro = 11 .7 cm HEL pulse repetition rate to be 100 Hz. The level of thermal
Integrated absorption = 0.75% blooming can be specified by the Bradley-Hermann
Distortion number, ND = 125 distortion number ND which is proportional to the HEL
Unidirectional wind = 3 ns intensity (power/aperture) and the effective integrated
No beam slew heating (integrated absorption/wind speed) and is given by
HELwavelength = 1.06 gm ND = C (P/D) f (a/v) dz, where P and D are the HEL
HEL rep. rate = 100 Hz transmitted power and aperture, a and v are
AO actuator spacing = 8 cm height-dependent absorption and wind speed, and C is a

constant.

The power and aperture (diameter) of the GBL system were chosen to give an ND of 125. This is a fairly
stressing GBL scenario. It should be noted that the value of ND decreases as wind speed v increases, but
that a wind spiral alone does not change ND. In cases where wind speed increases with altitude, as
discussed in the next section, the value of cumulative ND will be lower than the baseline value of 125.
Since we are interested in the performance of a given GBL system, we do not change system parameters
such as HEL power and aperture, and atmospheric parameters such as absorption profile to adjust the
value of ND in the parametric studies.

A simple low-pass filter model is used for the AO system in the GRAND simulations reported here,
although a detailed AO model with multiple adaptive mirrors, wavefront sensors and wavefront
reconstructor is available. The effects of such a low-pass filter correction on GBL system performance
(including the effects of PCI onset and growth) can be represented by the effective actuator spacing on
the deformable mirror (DM) in the AO system. We have used an 8 cm effective actuator spacing (projected
on the primary mirror) for the current simulations.

The GBL system performance is customarily
-1 represented by a Strehl ratio, defined as the ratio

of peak intensity in the far-field normalized by
that for the diffraction-limited case. (One can use

\n other figures of merit such as encircled energy to
_ --I measure system performance). The baseline

GBL system performance is shown in Figure 1 as
- a plot of Strehl ratio vs time. Time is shown in

terms of number of cycles or number of HEL
el pulses transmitted at the repetition rate of 100

0 "6 ro Hz. We can see that the Strehl ratio degrades
CqcLe (-Q3.01 sec) very quickly from an initial turbulence-limited

value of about 0.87 to less than 0.1 in less than
10 cycles (0.1 sec). In the remainder of this

Figure 1. Performance (Strehl ratio vs. time) of paper, we discuss ways to improve the GBL
baseline GBL system. system performance shown in Figure 1.
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ROLE OF LINEAR WIND SHEAR

In the atmosphere, wind velocity changes (either in speed or direction or both) as a function of altitude
above ground. In this section, we are more interested in systematic changes in wind velocity with height
(linear shear) rather than random wind fluctuations that are characteristic of mini-shear. We discuss two
types of linear wind shear: change in wind speed (speed shear) and in wind direction (direction shear).

The effect of linear wind speed shear on GBL system performance is shown in Figure 2a. The
background wind profile is constant (3 m/s) and unidirectional, same as the wind profile used in the
baseline scenario. We define a wind speed shear with v(h) = v0 + oh, where a is given in n/s/km and 0 < h
< 5 km. Strehl ratio vs. time curves for three values of a are shown in Figure 2a (GRAND runs were
continued up to 25 cycles or 0.25 sec). Note that the distortion number ND varies with the magnitude of
speed shear and reduces from 125 for a = 0 to about 76 for a 4 rn/s/km.

4

-N-
0- f3020 . 40

2 L

2 6.25 02.so 18.5 5 n S S 1>. 5i 2
CycLe (-0.01 secl CjcLe (-0.31 seI

Figure 2. System performance with (a) wind speed shear and (b) wind direction shear.

It can be easily seen that substantial performance improvement can occur in the presence of linear
wind speed shear. In the absence of speed shear (a = 0), the Strehl ratio drops below 0.1 in less than 0.1
sec, whereas for a = 4 in/s/km, which corresponds to wind speed increasing from 3 rn/s at ground to 23
rn/s at 5 kin, the GBL performance achieves a quasi-steady state around a Strehl ratio of about 0.6. This is
an example of amelioration by the linear dealignment process, where a strong transverse wind gradient
can prevent the growth of PCI structure and improve the overall system performance. Note that a slewing
beam following a moving target can also provide the large wind speed shear, even in the absence of
ambient speed shear, and thus improve system performance.

Figures 2b demonstrates the effects of wind direction shear or wind spiral. As before, we have a
background constant wind speed of 3 n/s (No  125), but the wind direction changes with height and is
given by 0(h) - 3h, where 0 is given in degrees/km and 0 < h < 5 km. Three GRAND runs with 3 = 0, 20 and
40 degrees/km are shown in Figure 2b. Note that the case with 0 - 40 degrees/km corresponds to a total
wind spiral of 200 degrees in an altitude of 5 km. A wind spiral also provides the linear dealignment of the
small-scale filamentary structure on the HEL wavefront, but perhaps less efficiently; this leads to a weaker
system performance improvement.

The combined effects of wind speed and direction shears, representative of the atmosphere, are
shown in Figure 3. We have chosen a wind spiral of 100 degrees (0 - 40 degrees/kin) and a set of ax
values of 0, 1, 2 and 4 m/s/km. Here, both wind speed shear and wind spiral lead to a stronger
dealignment of PCI modes and thus to a better system performance. We can expect a somewhat better
performance enhancement for a 200 degree wind spiral.
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One concludes that in the presence of a
4 moderate wind spiral, large wind speed shear

_ :=_.______provides strong amelioration of HEL wavefront
degradations; a stronger spiral would provide
further amelioration. Are these strong wind

2 speed and direction shears realistic? As will be
discussed in a later section, wind measurements

'oe=.= at WSMR indicate that during some months of

S& ( <0 1 the year, wind profiles at WSMR do indeed
include such large gradients in vector wind.

0 5 Thus the performance improvement due to
'1 c e I -93. ;l se, !linear wind shear seen in GRAND simulations

using ideal wind profiles could be reasonably
expected at WSMR.

Figure 3. Combined effects of wind speed shear
and wind spiral.

EFFECT OF RANDOM WIND FLUCTUATIONS

It is well established that the changes in vector wind with altitude do not occur monotonically or
smoothly, but there is a significant random component in the overall wind profile. Unfortunately, the
characteristics of these random variations are not well-known, at least at the spatial and temporal
resolutions relevant to HEL propagation. The relevant vertical resolution is on the order of a few meters or
less and the appropriate time scale is on the order of a fraction of a second.

In the absence of detailed knowledge of small-scale wind fluctuations, HEL propagation modelers use
a model for the process of mini-shear. A mini-shear model included in the GRAND propagation code has

been described by Herman and Westerman (5].
This model allows the correlation length to be
height-dependent, although we assumed the

a correlation length to be constant in GRAND
L Lpsimulations used in this paper, primarily for

computational economy. We now discuss the
impact of random wind variations on HEL

0propagation.
02 The mini-shear model is characterized by a

0 16 32 48 constant correlation length of 100 m throughout

C cLe (-0.01 sec the atmosphere. To obtain adequate correlation

between neighboring heights and to limit the
o computational load in GRAND runs, a constant

layer separation of 50 m was selected through a
2 km atmosphere. The strength (range) of wind

- - -fluctuations was specified by the rms (o) values
7 Ia 0.5 between 0 and 1 m/s. Note that since the

cumulative contribution of mini-shear (random
wind fluctuations) to the background heating is

I., negligible, the ND for each run in this section

0 15.5 31 46.5 62 depends only on the background profile.
Cycte (-0.01 secJ Figure 4a shows GRAND performance

predictions in the presence of three levels of
Figure 4. Effects of mini-shear (a) without linear mini-shear when the background wind profile

shear and (b) in the presence of linear shear. was constant and unidirectional (no linear shear).
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Both levels of mini-shear provide some improvement in system performance over the case with no
mini-shear, but the improvement is smaller than that with wind speed shear. The impact of mini-shear in
the presence of linear wind shear is shown in Figure 4b. There is no significant additional amelioration due
to mini-shear when there is a strong wind speed shear (4 in/s/km) and moderate wind spiral (100 degrees).

As discussed earlier, wind variations provide two mechanisms for ameliorating HEL wavefront
degradations: linear dealignment by a large transverse wind gradient and scrambling of PCI growth by
random wind fluctuations (mini-shear). From Figure 4a, we observe that in the absence of linear
dealignment, mini-shear does provide moderate level of amelioration and improve system performance in
PCI-dominated scenarios under consideration here. However, when a strong transverse wind component
is present (Figure 4b), additional amelioration due to PCI scrambling by mini-shear seems insignificant.

GBL SEASONAL PERFORMANCE AT WSMR

Site Characterization

We have seen the potential impact of atmospheric wind variations, both linear shear and mini-shear, on
the performance of GBL system performance. Are these variations present in the wind environment at
WSMR? Unfortunately, this question cannot be answered accurately or confidently. The reason for this is
the paucity of high-resolution measurements of wind, and other atmospheric parameters, at WSMR. The
problem of atmospheric characterization has been looked at in some detail recently [6, 71. It suffices to say
here that appropriate wind measurements at WSMR are simply not available to adequately address the
question of amelioration by wind fluctuations.

The only atmospheric measurements easily available from WSMR are so-called 1988 monthly mean
profiles [8]. For each month of 1988, a selected set of atmospheric parameters are listed with altitude with

a vertical resolution of about 1 km; only the
turbulence (Cn 2 ) profile has higher resolution
near ground and is also separated for day and

August night. These monthly mean profiles arejj7 March obtained by combining all measurements in a
given month regardless of atmospheric
conditions during individual measurement
campaigns. In spite of their shortcomings, we
have used these 1988 monthly mean profiles to

_ obtain a preliminary estimate of the seasonal
0 5 10 15 20 25 effects on HEL propagation.

W nd speed Im/sl Figures Sa and 5b show two examples of

seasonal winds at WSM.R. There is a large wind
AugustMarch speed shear (about 4 niVs/km) in March, but that

_Agin August is much smaller. Conversely, there is
,I much larger effective wind spiral in August than

in March. Here, as a first approximation, we
define an effective wind spiral as the sum of

/0 ,magnitudes of direction change between
adjacent heights from ground to a certain height

- , , (5 kin), rather than calculating the difference in
0 90 180 270 36C wind directions at ground and 5 km. The

N,.rnd d.rect1on (deg) rationale for doing this is that PCI smearing is
provided whether wind changes direction

Figure 5. Seasonal wind speed and direction at clockwise or counterclockwise and that this
WSMR for (a) March and (b) August. smearing effect is cumulative.
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GBL System Performance

The performance for a given GBL system at
WSMR for the months of March and August is
shown in Figure 6. Random wind fluctuations

arcrch (mini-shear) have not been added to
background wind in these calculations. The
results demonstrate that the month of March
provides the "best" conditions for power

.J) transmission at WSMR, where the Strehl ratio
I ,stays above 0.75 throughout a wind clearing
'D i6 32 18 64 time because of the strong wind speed shear.

CjcLe (-03.01 sec I On the other hand, GBL system performance in
the August WSMR environment drops below 0.3
at one wind clearing time. In August, a lack of
wind speed shear, even in the presence of a

Figure 6. Baseline GBL system performance for strong wind spiral, leads to a degraded system

(a) March and (b) August atmospheres. performance. The GBL system performance in
all other months is bounded by these two
extrema.

TABLE 2

GBL SEASONAL PERFORMANCE

Month r. a V0  Av Spiral No  SR

(cm) (%) (mis) (m/s) (dog)

1 11.2 0.54 2.83 17.9 97 49 0.57

2 11.5 0.6 2.66 18 17 54 0.53

3 11.6 0.57 3.42 19.6 80 41 0.69

4 12.2 0.63 3.4 17.3 46 45 0.68

5 12.6 0.64 3.49 11 59 53 0.51

6 14.2 0.65 3.47 7.9 69 58 0.47

7 14.1 0.59 3.05 3.8 151 71 0.33

8 13.5 0.59 2.74 3.6 172 75 0.28

9 13 0.74 2.76 7 85 83 0.37

10 12.4 0.63 3.07 13.4 73 58 0.65

11 11.9 0.58 2.84 17.1 188 55 0.55

12 11.1 0.52 2.57 19.7 166 49 0.68

Nighttime turbulence profiles
Av = cumulative wind speed shear between ground and 5 km
Spiral = cumulative effective direction shear to 5 km
SR = Strehl ratio as a performance indicator

Table 2 summarizes the seasonal performance of a GBL system at WSMR. For all twelve months, we
have listed nighttime optical turbulence (ro), total heating (integrated a), ground wind speed, cumulative

wind speed shear (dv) and effective wind spiral. The cumulative distortion number, ND, for a particular

GBL system and its performance (Strehl ratio, SR) at the end of one wind clearing time are also tabulated.
One can see that the nighttime turbulence during summer is weaker (larger ro) than that in winter, while
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the integrated absorption is a little stronger. The
ground-level wind speed is fairly uniform

am throughout the year. There is a wide variation in
.7 =0, o., vector wind gradient during the year. The wind

speed shear between ground and 5 km is much
larger in winter and spring (about 17-20 m/s)

March than in summer and fall (3-13 m/s). The wind
spiral behaves somewhat differently, with

___ ___ , relatively smaller values during winter and spring
2 compared to other times of the year.

cj {eI-0. 21 3e. The seasonal trend in the Strehl ratio, given in

the last column in Table 2, reflect the wind

D 1 environment at WSMR. The best Strehl ratio of

0.69 in March is mainly due to the strong wind

0speed shear which reduces the cumulative
distortion number (to 41) giving improved
performance. The worst performance (Strehl

August ratio of 0.28) is seen in August, again primarily
due to a weak speed shear. Strong wind spirals
during late summer and fall do not help system

16.25 32.50 18.7 65 performance if there is no speed shear.
CyicLe f-0.0 secl

Effect of Mini-Shear

Figure 7. Effects of mini-shear on seasonal GBL What role can mini-shear play in improving the

performance for (a) March and (b) August. seasonal performance of a GBL system? We
added the random correlated wind fluctuations
to the background wind profiles for the months

of March and August. The mini-shear parameters, as before, were constant 100 m correlation length, 50

m layer separation in a 2 km atmosphere and rms values of 0, 0.5 and 1 ms. Figures 7a and 7b show

GRAND predictions of system performance for the months of March and August. There is no noticeable

improvement in system performance by adding mini-shear to the background wind profile in March,

whereas there is substantial performance improvement for the month of August. When there is strong

amelioration due to linear wind shear, particularly speed shear (e.g. in March), mini-shear provides little

additional amelioration. On the other hand, when amelioration due to linear wind shear is weak (as in

August), mini-shear can provide significant additional amelioration for improved performance. Note that
the August GBL system performance with
mini-shear almost approaches that in March. It is
reasonable that stronger mini-shear (larger a)

C Smaller system should give better performance improvement.

.o , _ - Performance of Larger GBL System

We have seen that a GBL system
Larger system, a 0 characterized by an ND of 125 can successfully

transmit HEL power through the WSMR
atmosphere in the month of March with the

52 Strehl ratio staying above 0.75 at one wind
-0 sclearing time. How would a bigger GBL system

CcLe perform under the same atmospheric

conditions? Figure 8 presents the system

Figure 8. Performance of larger GBL system with performance of a GBL system at WSMR with ND

and without mini-shear, of 250 in comparison with a smaller system. The
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performance of the larger GBL system degrades to a Strehl ratio of about 0.5, compared to 0.77 for the
smaller system. It we add a mini-shear of 1 m/s to the larger system, the system improves somewhat,
giving a Strehl ratio of 0.6 at one wind clearing time; stronger mini-shear would lead to better performance
improvement. With a larger system (stronger thermal blooming), the PCI growth rates tend to be bigger
leading to a worse performance, even in the presence of strong linear wind shear as we have in March.
Additional amelioration is provided by the mini-shear scrambling. Note that the performance of a fairly large
system (ND of 250) stays above 0.5 in one wind clearing time even without the benefit of random wind
fluctuations and almost approaches that of a smaller system with fairly strong mini-shear.

CONCLUDING REMARKS

We have investigated the role of natural atmospheric dynamics in ameliorating HEL wavefront
degradations induced by turbulence-thermal blooming interactions. Computer simulations were
performed with Lockheed 4-D wave optics propagation code, GRAND, using both ideal atmospheric
conditions and using representative atmospheric conditions at WSMR. A secondary goal of this work was
to demonstrate the power transmission capability from a GBL site in WSMR as a function of season.

A fairly stressing GBL scenario (ND of 125), which led to poor system performance without wind
fluctuations, was selected to illustrate the beneficial effects of atmospheric kinematics; the performance
(Strehl ratio) of the baseline system fell below 0.1 in less than 0.1 second. A wind speed shear (defined
as an increase in wind speed with height) provides substantial performance improvement by preventing
the reinforcement of small-scale filamentary structure on the propagating HEL wavefront by a linear
dealignment process. A wind spiral (change in wind direction with altitude) leads to a smaller performance
improvement due to a less efficient linear dealignment.

Random wind fluctuations in height can provide system performance improvement by smearing or
scrambling PCI growth which can otherwise lead to a catastrophic breakup of the HEL beam. The precise
role of mini-shear in ameliorating HEL wavefront degradations depends on a particular GBL scenario. In
the presence of a strong linear wind shear (speed shear or spiral or both), the additional amelioration
provided by mini-shear can be small. The mini-shear amelioration can be substantial if there is no linear
wind shear. Also, mini-shear can lead to Strehl ratio improvement for larger GBL systems where linear.
shear alone cannot provide adequate amelioration.

We also looked at the ability to transmit HEL power at WSMR during different times of the year. Large
wind speed shear in March leads to a strong ameliorating effect and excellent system performance. The
GBL performance in August is poor due to small speed shear, despite a strong spiral in the lower
atmosphere. Mini-shear provides the additional amelioration to make system performance in August
almost as good as that in March. One can conclude from these trends that the "best* GBL system
performance occurs in winter and spring. Based on these limited computer simulations with GRAND
propagation code, it seems significant amounts of HEL power can be transmitted through the atmosphere
at WSMR. Finally, a few words of caution are in order.

There are two major handicaps of the results and conclusions presented here. The first pertains 10 the
limited atmospheric characterization at WSMR. The atmospheric characterization used in GRAND
simulations were monthly mean atmospheric profiles, where measurements from different atmospheric
conditions were combined. Furthermore, even "individuar measurements involve poor vertical resolution
(1 kin) and up to 30 minutes of temporal averaging. High-resolution wind measurements are not available
at all to characterize mini-shear. Some features of the wind profiles, such as large wind speed shear in
winter and spring, are present in some "individuar WSMR wind profiles we examined. It is not known at
present how representative this WSMR atmospheric characterization is i one were to obtain a consistent
set of all atmospheric parameters at high spatial and temporal resolutions.

The second difficulty is with the scaling laws for HEL propagation. Due to computational complexity of
GRAND code, the simulations were performed with small-aperture GBL systems. There is some
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disagreement within the propagation community as to how these predictions can be scaled to apply to
larger GBL systems under different operational scenarios. Till a robust scaling strategy can be developed,
one must be careful in scaling performance predictions for small-aperture systems to operational GBL
systems.
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MEASUREMENT OF THE STIMULATED THERMAL RAYLEIGH SCATTERING INSTABILITY

T.J. Karr, M.C. Rushford, J.R. Murray, and J.R. Morris

Lawrence Livermore National Laboratory
P.O. Box 808 L-495

Livermore, CA 94550

ABSTRACT

We report the first clear experimental demonstration of large amplification of small-scale spatial perturbations
by stimulated thermal Rayleigh scattering (STRS) of a CW laser beam propagating through an absorbing medium in

a context normally associated with thermal blooming. A single-mode argon-ion laser beam with X = 488 nm was
propagated vertically downward through a 1.2 m cell filled with CC14 that was doped with an absorber to have optical
depths in the range 0.5-2.3 . A shear-plate interferometer near the cell input generated the perturbation. Fringe
growth was rapid and visually obvious, as was competing growth from dust specks, etc. The measured growth rate is
in good agreement with the asymptotic rate from analytic STRS theory.

1. INTRODUCTION

At transverse spatial scales that are much smaller than the beam diameter uncompensated thermal blooming
of a collimated high-power laser beam is more aptly described as stimulated thermal Rayleigh scattering (STRS) than
as thermal blooming. While both descriptions are physically correct when properly employed, the STRS description
focuses attention on the growth of small-scale irregularities while the thermal blooming description tends to ignore
them. Whole-beam blooming studies prior to 1986 and scaling laws developed from them lead one to believe that
irregularities erase themselves because for the beam as a whole the thermal lens written into the propagation
medium defocuses the beam where it is brightest. When the intuition based on such results is tested using three-
space-dimension plus time wave-optics thermal blooming codes with initial conditions that include small-scale
phase or intensity perturbations or include realistic refractive index turbulence, it is foL'd to be incorrect if the
thermal blooming optical path change is large and accumulates at a rapid rate. Rather than erasing themselves, the
small scale irregularities grow rapidly by a successive overshoot process. The process is often called the open-loop
(uncompensated) thermal-blooming instability, but is physically identical to STRS in the near-forward direction.

Using an STRS description of uncompensated small-scale thermal blooming is a major advance. It allows
separation of the small-scale behavior from the very different whole-beam behavior. It also leads to a linear set of
differential equations and to analytic solutions in simple, but interesting, cases.

STRS was actively studied1 -16 between 1968 and 1975, and a number of review and tutorial articles are
available. 10,12 ,15,17,18 Most of the experiments of the 1968-75 period used Q-switched ruby laser pulses of about 20 ns

duration and a 1800 back-scatter geometry. However, the experiments of Rother, et al.8 examined forward scattering

at angles down to 7. Mack 6 and Scarlet 11 studied scattering at angles down to 5 mrad with mode-locked ruby6 or Nd-
glass lasers.11 Scarlet used about a 30 pulse train of 5-8ps pulses spaced about 4 ns apart and superimposed two equal
intensity beams with a 5 mrad angle between thei. in a liquid sample cell. However, none of these experiments
clearly demonstrated large amplification of a weak probe beam in a context normally associated with isobaric thermal
blooming, i.e., at near-forward propagation angles small enough that the pump and probe beams physically remain
superimposed over the entire propagation path and on time scales much longer than the sound transit time across
the interference fringe period. Furthermore, large amplification is counter-intuitive for anyone familiar with the

self-defocusing associated with whole-beam thermal blooming. The experiments we present here2 6 directly observe
large amplification of fringe contrast under isobaric thermal blooming conditions.

Although the STRS research of 1967-75 emphasized 1800 back-scattering of - 20 ns pulses, for the Rayleigh
component the scattering mechanism is the same for quasi-CW beams at the 1 mrad (or less) near-forward scattering
angles of our laboratory experiment as long as the fringe spacing of the interference between the scattered and high-
power beams remains small compared to the high-power beam diameter. In both cases the interference pattern
creates an isobaric density inhomogeneity via absorption followed by thermal expansion, and the high-power beam
scatters off the refractive index inhomogeneity associated with the density. In both cases transient STRS was
observed since the diffusion time for back scattering in CC14 is 18 ns and for our near-forward scattering experiments
it was 40-500 ms. One significant difference between our experiment and the near-forward STRS experiments of
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Rother, et al.8 is that in addition to amplification of the injected perturbation our experiment generated and
amplified the mirror-image order (with respect to the high-power beam) with equal efficiency by direct scattering of
the Aigh-power beam. The reason is the difference in the phase-mismatch in the two experiments; in ours it is

(1 m-1) while in Rother's it is 0(104 m -1) at 7° . In the linearized blooming theory19-2 2 the small phase-mismatch is
neglected and the two mirror image orders are combined into independent intensity and phase perturbation
variables.

2. LINEARIZED THEORY WITH DIFFUSION

In the open-loop case linearized thermal-blooming instability theory closely parallels STRS theory as given in
Rother 9 or Batra, Enns, and Pohl, 10 as it must since the physical scattering process is the same. However, there are
some differences in notation and in the approximations employed. The earlier STRS studies retain the Brillouin
scattering line throughout most of their analyses and identify the Rayleigh and Brillouin scattering as separate terms
in the final result; the recent linearized thermal-blooming instability theory studies19-22 neglect the Brillouin
scattering from the beginning by using isobaric hydrodynamics. Because he is interested in substantial off-axis
scattering angles, Rother 9 retains the exact spatial orientation of interference fringes between the pump and scattered
waves; linearized thermal-blooming instability theory is only concerned with near-forward scattering angles of a few
mrad or less so it treats the fringes as planes parallel to the propagation direction and uses two dimensional
hydrodynamics with the propagation direction coordinate (z) as a parameter. Finally, because of the very small
scattering angles, for each wavevector linearized thermal-blooming instability theory treats two mirror-image
scattering directions on either side of the pump beam propagation direction simultaneously as tightly coupled
waves, whereas Rother for the most p'- ' e-ats only a single scattered wave and only briefly discusses the other
scattered waves using an uncoupled-v dve treatment.

The simultaneous treatment ot two mirror-image diffraction orders is hidden in Karr's 20 notation in his paper
on the closed-loop instabilitk. To explicitly identify the two orders and their relation to Karr's notation, we start with
Fresnel wave equations foi the scattered waves neglecting pump depletion:

2k a Em  2Em + ( PM p= O, (m=+1), (1)az c2 dp

where Em, m = ±1, are the ratios of the slowly varying envelopes of the two scattered waves to that of the pump
wave, Eo, and k = ncw/c for index of refraction n. (For simplicity we have neglected transmission losses.) The plane
wave fields corresponding to the envelopes in Eq. (1) have associated carrier waves of the form exp[i((ot - kz - mi.x L)],
m = 0,+1. The remaining equation is the standard isobaric hydrodynamics equation augmented by a diffusion term:

-iKv + 0 2) Pm = -2n (Em + Em) (2)
dE

dp

(Note that p., = p1 because p is real, so only the m = 1 case of Eq. (2) is retained). Karr's Eq. (10a) is Eq. (2) with the
following variable changes:

1 dc
9= P l(3a)

FK = (EI + E*), (3b)

and the variable which Karr eliminates to obtain his Eq. (10b) is

-1(30

Karr's formalism replaces the two complex fields of the scattered plane waves with a net intensity perturbation, F,
and a net phase perturbation, 4 K, on the high-power field, EO, and solves for a single transverse Fourier component
of these fields instead of the coupled pair, K and -K, required in the complex-field STRS formalism.
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Karr 20 gives the Green's function solution of the STRS equations as a function of z, the propagation distance,
and v, the Laplace transform of the time variable t, for the case of a uniform medium with negligible extinction of
the unperturbed beam. Karr also gives an explicit series expansion in z and t of the propagation kernel for blooming
of frozen-flow turbulence for the extreme transient case where thermal diffusion damping can be neglected; this
kernel is the time integral of the Green's function, again without diffusion. By using these facts and Karr's
prescription for incorporating thermal diffusion, we derive an explicit series solution for STRS in a uniform
medium with thermal diffusion.

From Karr's Eqs. (19) and (24) we obtain the following expression for the evolution of the irradiance part of the

scattered field due to an impulse perturbation [()] for which F(0) is the intensity impulse and 0(0) is the phase
impulse:

Fa(z,t) = exp(-ZK2t)(8(t) + a.) (z,t) (4a)

with

(Z F(0) a a,((K ~) (4b)

and

KK(z,t) = zj(az)• (4c)
r-0 (n!

Eq. (4c) is Karr's Eq. (24), aK = K2 /2k, K = 2n/A for perturbation period A, and kFz is the rate of change of the optical
path length due to thermal blooming or the blooming rate in radians/sec. For a heavyside (step) function
perturbation switched on at t=0 the irradiance at (z, t) is:

fI
FH(Z,t) = odt'F(z,t') = exp (_Z K2t) (z,t) + ZK2 dt'exp (-Z K2t'(z,t') (5)

The first term on the right-hand side of Eq. (5) is a purely transient term, the second yields the steady-state result as

t - -. Term-by term integration in time in Eq. (5) and explicit evaluation of the z-derivative in Eq. (4b) using the
recursion relations for the spherical Bessel functions of the first kind,23 in(u), gives:,

FH(Z,t) = (" n . r7'(nZK2 t)aKz[F(O)jn-(az) + 2D)(O)jn(aKz)] (6)

where
u-a

;(a, u) -- a -- a,u),

rha)

and -a,u) f dvva' l exp(-v) is the normalized incomplete Gamma function.24

A shear-plate interferometer generates a perturbation by a double reflection, one off each of its nearly parallel

plates. For a plane-wave unperturbed beam the perturbation is also a plane wave propagating at a small angle, K/k,
to the unperturbed beam. Being a plane wave, the perturbation has real and imaginary parts with equal amplitude

and 90' out of phase. The mathematical embodiment of this is

(D(O) = i F(0)/2, (7)

so for a sheared-beam perturbation the inadiance fringe amplitude is

F,(zt) = F(0) i Y (n, 2K 2t)aKz[jln(az) + ijn(a.z)] (8)
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The shear-plate interferometer generates a field perturbation that is accurately sinusoidal, a distinct advantage
for comparison with the theory embodied in Eq. (8). In addition, when Zic 2t << 1, where the 0 = 0 result accurately
approximates Eq. (8), the reader can verify from Eqs. (4b), (5) and (7) that

Fs(z, t) z, t) + i K, (z, t)
az (9)

Thus, the square of the modulus of the irradiance, I Fs (z,t) 12, is directly proportional to the same combination of
Green's functions as is.the electric field svectrum at wavevector K due tu turbulence concentrated near the beginning
of the propagation path, z = 0. (see Chambers, et al. 19) This combination of Green's functions, so important for the
prediction of high-power propagation through atmospheric turbulence, is directly measured by the amplification of
shear-plate fringes in a nonturbulent blooming cell.

For the case kFzt << 32(az)2 /t 3 with kFzt > 2n, Chambers, et al., 19 have given an asymptotic formula for
K. (z, t) from which we obtain the following asymptotic formula for ,(z, t) in the sheared-beam perturbation case:

Jz,t)- F(0) 1 1 exp [(1 + iY + i(akZ - /8)]2V fz(10)

Substituting Eq. (10) in Eq. (5) gives an approximate time dependence. When several waves of thermal blooming
optical path change accumulate in a diffusion time (kFz >> 27t 0 K2 ) the integrand on the right-hand side of Eq. (5)
oscillates rapidly and this term can be neglected for a few diffusion times to obtain an approximate functional form
for fringe growth

iF.(z,t)- ~IF(0) 1 1 exp (V/2k/- - ZK2t)2-,/ (11)

In the appropriate limit Eq. (8) agrees with Rother's results. From Eq. (7) and the relationship

1 aFK
2aK az (12)

we can derive an equation from El (z, t) for a sheared beam perturbation. Rother's 9 Eq. (41) is obtained as the
aKz -- - limit (appropriate for the scattering angles Rother is considering) of the resulting expression by replacing all
the spherical Bessel functions with their asymptotic form for large arguments.

3. EXPERIMENTAL LAYOUT

The experiihental layout is shown in Fig. 1. An argon ion laser was spatially filtered and expanded to make a
near-Gaussian collimated beam of the desired size. A shear-plate interferometer, similar to that used by Bliss, et
al.,25 in their small-scale self-focusing experiment, generated a weak reflected beam that served as the perturbation
source. The angle between the transmitted and reflected beam determines the interference fringe spacing, which was
varied from run to run. The reflectivity determines the perturbation amplitude which was typically a few percent.
The combined beams were propagated down through a 1.2 m vertical thermal blooming cell filled with CC14 doped
with an absorbing contaminant. The shear-plate interferometer was as close as possible (a few cm) to the input
window of the cell, and the beam was propagated from the top to the bottom of the cell to keep the liquid stable
against thermal buoyancy. The total extinction of the cell was 50-90% and was monitored daily by drawing a small
sample of of CC14 from the cell and measuring its absorption with a calorimeter. The output window of the cell was
imaged onto a CCD camera. The camera recorded the intensity time-averaged over 33 ms, the television frame scan
time; it had an interlaced scan, and the even and odd lines were alternately transferred to a digital frame buffer every
16.7 ms.
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A He-Ne diagnostic laser propagated back through the cell and was observed by an interferometer. This
provided continuous monitoring of the optical quality of the CC14 column. An experiment run began when the
He-Ne fringes indicated the cell was free of optical distortion due to turbulence or residual heat from an earlier run.
(Typically it took 2-5 min for the distortion caused by a previous run to become undetectable.) Then the shutter was
opened, and the argon-ion beam propagated through the blooming cell for about half a second. During this time
rapid, visually-obvious perturbation growth on a background of somewhat slower whole beam thermal blooming
was observed. Growth from dust specks, Fresnel rings from edge clipping, etc. was also obvious. Such competing
uncontrolled perturbations had to be carefully minimized to obtain quantitative results from these experiments.

4. RESULTS AND COMPARISON WITH THEORY

Table 1 describes the experimental conditions for two runs. Due to the high thermal blooming rate, rapid
amplification of the perturbation fringes was predicted and observed. Very rapid thermal blooming rates were used
so that several waves of thermal blooming optical path difference would accumulate in a diffusion time, as would be
the case for a high-power laser beam in the atmosphere. The whole-beam Fresnel number was large enough that in
the absence of thermal blooming the laser beam would remain collimated throughout the blooming cell. About 90%
of the light was absorbed in the perturbation Fresnel number Np = 0.45 case, 60% in the Np = 1 case.

As part of our comparison with theory we simulated these experiments using the ORACLE wave-optics
propagation code developed at LLNL. ORACLE solves the following coupled nonlinear time-dependent set of
equations in three space dimensions: the Fresnel wave equation for the optical beam and isobaric hydrodynamics
including diffusion for the fluid density. In the simulations presented here the unperturbed laser irradiance profile
at the entrance to the blooming cell was assumed to be a perfect Gaussian beam.

Figure 2 shows a comparison of the observed irradiance at the cell exit with an ORACLE calculation for the
2.3 optical depth, Np = 0.45 experiment. The left column is the CCD camera output, the right column is the ORACLE
result, both of which are displayed on the video monitor of the experimental laboratory. (The apparent ellipticity of
the ORACLE and experimental results is an artifice of this video display. The CCD camera detector elements are
rectangular, and the video display partially corrects for this, while the "pixels" in the ORACLE calculation are
square.) In the first frame after the shutter opens the experimental fringes are hardly detectable, while in the
ORACLE calculation they are visible due to the perfect, no noise beam profile in the ORACLE calculation. After
33 ms fringes are clearly visible in the experimental irradiance profile and the fringe contrast increase is obvious in
both the experimental measurement and the ORACLE calculation. At 67 ms the modulation depth has reached a
significant fraction of the unperturbed peak irradiance. Between 67 and 100 ms the fringe contrast doesn't change
much, but a bright ring begins to form at the edge of the beam and the beam is noticeably expanding; the latter are
whole beam blooming effects. Figure 2 qualitatively demonstrates that the calculated and experimental irradiance
profiles agree even though the experimental data are 33 ms time averages while the ORACLE results are
instantaneous irradiance profiles.

To obtain a more quantitative comparison for each measurement time we Fourier analyzed both the
experimental and calculated irradiance profiles at the end of the cell. In both cases we selected the central 128 by 128
pixels by masking. Then for each horizontal line (across the fringes) we computed the modulus of its complex finite
Fourier transform (FFT), and averaged over all the lines. Finally we extracted the modulus and spatial frequency of
the highest perturbation peak and plotted them as functions of time. The modulus results are shown in Figs. 3 and
4. In both, the curve with the solid boxes is the experimental measurement, the curve with X's is the ORACLE
calculation.

For the case in Fig. 3, which had 7 fringes across the full width at half maximum (FWHM) of the unperturbed
beam, the agreement is excellent. The dashed curve in Figs. 3 is a four-bin weighted average of the results of
linearized perturbation theory (STRS theory). The positive coordinate half of a one-dimensional Gaussian was
divided into 5 equal-area (power) bins and the median intensity of each of the 4 center-most bins was used in four
perturbation calculations using Eq. (8) truncated at 50 terms; the modulus of the complex results were added, time
averaged with a 33 ms rectangular averaging window, and scaled to match the experimental results at the earliest
sample times. Again, the agreement is remarkable; even some of the fine structure matches, although this is
probably beyond the accuracy of our analysis of the experimental data.

For the case in Fig. 4, which had 4.4 fringes across a FWHM, the experimental data and the ORACLE calculation
agree at times up to about 200 ms. However, thereafter the experimental data has a significant decrease, while the
ORACLE calculation shows an increase in fringe contrast. The dashed curve in Fig. 4 is a linearized perturbation
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analysis as described above for Fig. 3. It agrees adequately with the experimental results up to the center of the first
main peak; thereafter, it behaves more like the ORACLE calculation than the experimental data.

Because of the smaller number of fringes across the beam FWHM, the exact intensity profile is expected to be
more important for the case of Fig. 4 than for the case of Fig. 3. Also, beginning at about the time of the first peak,
pronounced growth of diffraction rings due to two dust particles becomes clearly visible in the experimental
intensity profiles; growth of these rings clearly competes with that of our initial perturbation, but the dust specks
were not included in the ORACLE simulation. Additional ORACLE simulations and parameter studies with Eq. (8)
indicate that after the first peak the results are sensitive to details of the irradiance profile and that a flatter irradiance
profile with lower peak irradiance can produce a dip at about the time observed in our experiment.

We fit the experimental perturbation amplitude data points to the functional form Ct"1/4 exp(Atl/ 2 - Bt) and

compared the coefficient A to the predicted asymptotic growth rate, 2i-Z. (The functional form is the envelope of
the asymptotic result for diffusion-free STRS theory plus a phenomenological exp(-Bt) correction for diffusion.) To
avoid significant bias due to whole-beam blooming effects we restricted our fit to the first 15 data samples (0.25 sec).
We used half the peak irradiance of a Gaussian beam of the experimentally measured power and FWHM in the
computation of F. The results tabulated in Table 2 show excellent agreement.

5. SUMMARY

Stimulated thermal Rayleigh scattering does indeed cause growth of high spatial frequency perturbations on a
laser beam propagating in an absorbing fluid. The amplification can be large and is easily observed.

The observed growth rate agrees with analytic theory, at least at times before the defocusing due to whole beam-
blooming is significant. The prediction of rapid growth after a few waves of blooming is convincingly demonstrated
to the naked eye and is quantitatively confirmed.

Detailed wave-optics computer simulations reproduce the experimental phenomena. The differences are

attributable to experimental uncertainties.
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Table 1. Experimental parameters of selected STRS experiments that were compared with ORACLE computations

Experiment ID: 121888.72c 12989j.488

Blooming rate 87 64 waves/sec
time for 1 wave 12 16 ms

Whole-beam Fresnel number 64 57
Perturbation Fresnel number 0.45 1.0
Diffusion time (OK2) 48 246 ms
Diffusion Fresnel number 2.7 x 10-2 1.6 x 10-2

at 10 waves
Absorption optical depths 2.3 0.51

Initial perturbation amplitude 3% (simulation 2%)
Sample rate 60 Hz
CCD integration time 33 ms
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Table 2. Comparison of experimental and asymptotic growth rates
Growth "rates'

(Nepers/sec 1/2)

Asymptotic
krz/2ic Experiment prediction

Experiment ID (waves/sec) NPNA fit (for 1/2 Imax)

121888.72c 87 0.45 2.3 22 23
121888.62c 83 0.45 2.3 25 23
121888.52c 75 0.45 2.3 22 -2
121888.42c 55 0.45 2.3 32 19

12989k.488 62 1.9 0.40 22 20
12989j.488 64 1.0 0.51 19 20
12989i.488 57 0.70 0.40 17 19
12989g.488 64 0.46 0.51 17 20
12989f.488 61 0.23 0.51 19 20
12989e.488 63 0.16 0.51 20 20

Blooming & beam expansion

CCD Frame pt
Comma abw pe

Polarizing
basm Image plane
splitter

Fig. 1. Layout of the STRS experiment. The laser beam propagated from the top down to the bottom of the vertical
CC14 cell to keep the liquid stable against thermal buoyancy.
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Fig. 2. Comparison of the experimentally measured and digitally computed irradiance profiles at the thermal-
blooming cell exit window. The apparent ellipticity of the ORACLE irradiance profiles is an artifice of displaying
square computational "pixels" on a video display designed for rectangular CCD camera pixels. The noise on the
experimental irradiance profiles is primarily due to dirt which settled on the output window of the thermal
blooming cell.
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Fig. 3. Comparison of measured and calculated modulus of the intensity perturbation at the thermal-blooming cell
exit window for the experiment with perturbation Fresnel number Np = 1.0, absorption optical depth NA = 2.3,
and blooming rate 87 waves/sec. The experimental beam was 0.77W at the cell entrance, had a 2.7 mm FWHM,
and had 2.6 fringes/mm. The curve with solid rectangles is the experimental data. The X's are the results of a
calculation performed with the ORACLE time-dependent, three-space-dimensional wave-optics propagation
code. The dashed curve is an analytic STRS theory calculation.
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Fig. 4. Comparison of measured and calculated modulus of the intensity perturbation at the thermal-blooming cell
exit window for the experiment with perturbation Fresnel number Np = 0.45, absorption optical depth NA = 0.51,
and blooming rate 64 waves/sec. The experimental beam was 2.6 W at the cell entrance, had a 3.9 mm FWHM,
and had 1.15 fringes/mm. The curve with solid rectangles is the experimental data. The X's are the results of a
calculation performed with the ORACLE time-dependent, three-space-dimensional wave-optics propagation
code. The dashed curve is an analytic STRS theory calculation.
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PROPAGATION OF HIGH ENERGY LASER BEAMS THROUGH "CLEAR" AIR IN THE t3 REGIME.

Shirish M. Chitanvis , Theoretical Division, T-12, and

Edward T. Salesky, CLS Division, CLS-5,

Los Alamos National Laboratory, Los Alamos, NM 87545.

ABSTRACT.

Large aperture, high energy gas lasers are expected to propagate in the t3 thermal blooming regime through the

atmosphere. Turbulence also has to be accounted for. We study the effect of atmospheric propagation on the beam

using two models. The first model is a semi-analytic approach, in which we solve the differential equation for the

mutual coherence function, which accounts for both thermal blooming and turbulence, using a generalization of the

so-called aberrationless approximation. The resulting coupled ordinary differential equations were solved

numerically. Secondly, we investigated the deterioration of the laser beam using an FFT (Fast Fourier Transform)-

based code. The Strehl ratios obtained by both methods were compared, and we achieved good agreement, with errors of

only a few percent.

Based on our analysis, we point out that shortening the pulse length and increasing the flux, while keeping the the

fluence of the laser fixed, results in an increased Strehl ratio in the t3 thermal blooming regime.

I. Introduction.

The effect of thermal blooming and turbulence on a high energy laser (HEL) beam propagating through a "clear"

atmosphere has been studied for quite some time now. One of the first calculations was that of Wallace and Camac. 1 But

in those days, only relatively low-power, CW lasers with a small diameter were available, so that it was the isobaric

regime of thermal blooming that was investigated in great detail. But, for high-powered, pulsed lasers which have a

wide diameter, the pulse length is much shorter than the acoustic transit time across the beam. Thus we arc primarily

in the t3 blooming regime, where the the hydrodynamic effects do not have time to be established. The basic physics of

the t3 regime has been worked out by Wallace and Camac. 1

For the purpose of obtaining general insight into the propagation problem, we developed a semi-analytic model, in

which we derived an approximate differential equation for the mutual coherence function (MCF), which includes the

effects of both blooming, as well as turbulence. An ansatz, which generalizes the aberrationless approximation, 2 is

shown to solve the differential equation, provided a set of coupled ordinary differential equations (for the parameters

used in the ansatz) is satisfied. This solution yields the Strehl ratio, which was compared successfully with the

numerical simulations done with a propagation code, which we have named MAXWELL. This code propagates the beam

using an FFT (Fast Fourier Transform) algorithm. It uses phase sheets to describe the effects of turbulence and

blooming.

i. t3  Thermal Blooming.

This term applies to the case when the acoustic transit time across the diameter of the beam is much longer than the

pulse length. In other words, there is insufficient time for the acoustic effects to propagate and establish themselves

during the pulse.
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The linearized hydrodynamic equations, in the presence of electrostrictive effects (they are important for times less

than a microsecond) are:

ap
& =- PO V.v (2.1)

av . R (P0 VT -To Vp + X0 VE 2  (2.2)

Po CV a o F (2.3)

The third term on the right side of Eqn.(2.2) is the electrostrictive term. If we now drop all the spatial derivatives but

those of the electric field and the temperature, we shall be in the short time, or, t3 regime. The reason we retain the

spatial derivative of the temperature is that the temperature rise is governed by the shape of the pulse (see Eqn. (2.2))

and this form is impressed upon the temperature profile instantaneously. We then obtain for the density:

= [(y- 1) a t - X40(°] V2 F (2.4)

Here, we clearly see that the electrostrictive pan is trying to focus the beam, while the other term is trying to defocus

the beam. This blooming term is proportional to the time t, and at a certain moment tcrit, this term starts to dominate

the focusing part of the beam:

t 4flt =ctn-1 (2.5)cr a c(Y - 1)

Upon using X0 - 10- 5 , a - 3 x 10- 4 m1, c = 3 x 108 m/s, Y= 7/5, we get tcrit - 10 ns. At this point, it might be tempting to

say that if we could extract all the energy of the laser on this time scale, there would be no thermal blooming. But this

would imply pushing up the laser flux very high, when air breakdown will be imminent. Henceforth, we shall not

consider the electrostrictive term anymore.

If we have a laser pulse that is uniform in time, Eqn. (2.4) can be integrated trivially to obtain:

p(r,t) = [e- 1 3 ] V 2F(r,t) (2.6)3!

A derivation similar to ours may be found in the paper by Walsh and Ulrich. 3

Using the Lorentz-Lorenz relation between the dielectric constant and the density, we obtain the change in the

dielectric constant as:

&(r,z,t) = ( - 1) p(r,z,t) (2.7)
P0

where po is the unperturbed density of air and where r refers to the x-y co-ordinates.

It must be noted that the distortion of the beam in the t3 blooming regime is much less than occurs in the isobaric

regime, 1 when the pulse length is much longer than the acoustic transit time across the beam. Eqn.(2.7) was inserted

into the propagation code MAXWELL, which uses a phase-screen approach to model blooming. The transverse
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Laplacian that occurs in the expression for the density change (Eqn.(2.6)) was represented by the usual five-point

finite difference formula.

Ill. The Mutual Coherence Function.

In the absence of thermal blooming, the theory of calculating the mutual coherence function r(z,r,r')= < E(z,r)

E*(z,r') > (where r refers to the x-y co-ordinates) is quite well-developed. 4 Here we shall sketch how to extend this

formalism to the case when we have both turbulence and blooming. Furthermore, we shall give an approximate

solution to the differential equation governing the mutual coherence function. This solution can be thought of as a

generalization of the aberrationless solution to the paraxial equation. 2 The parameters of the ansatz are governed by a

set of coupled ordinary differential equations. It displays at a glance the basic physics behind the interaction of

thermal blooming and turbulence. We believe this is a new approach to a well-established problem.

The paraxial approximation to the scalar electromagnetic wave equation in a uniform medium is:

2ik '+ Vr E(r,z) = 0 (3.1)2ik

where k = ko0o. In the event that there are deviations 8F(r,z) in the dielectric constant co , the paraxial equation is

modified" thus:

aEi r z)+V ~~z
+ Vr2E(r,z) + k&(r,z) E(r,z) = 0 (3.2)

Now SF(r.z) in general could be due to both thermal blooming as well as turbulence:

5(r,zt) = &eB(r,z,t) + &'T(rz,t) (33)

where the first term on the right hand side of Eqn.(3.3) refers to the change due to blooming, and the seeond term

refers to to the change due to turbulence. SEB is given by Eqn.(2.7), while 8ET is defined in terms of a correlation

function:

(SET(r,z,t) &S T(r',z,t) ) = 4 (zjt) fV r-r'l) (3.4)

where various explicit forms for the right hand side of Eqn.(3.4) are given by Kolmogorov's theory. 7

One can write down the complex conjugate form of Eqn.(3.2), and use it with Eqn.(3.2) to obtain an equation for the

mutual coherence function r(z,r,r') defined above. Then, following the method outlined by lshimaru, a few simple

assumptions lead to the following approximate equation for r(z,r,r'):

ik F (z 'R , ' t) + Vi.VRr(Z,R,R,t) + i a r(z,R,R,t)

0z (3.5)
+ b(z,t) (R -R) r(z,R,Rt) + ic R2 F(z,R,Rt) = 0

where R and R bar represent central and difference co-ordinates respectively, and where:

b(z,t)=k 2 (c- 1)(7- 1) a tt F 0 exp(-ctz) 2 (3.6)
3! po IW 4(Z)

c(z) = 3.28 k' C (3.7)
103
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where w(zt) is the waist of the beam, and k is a typical length scale. In obtaining Eqns.(3.5)-(3.7), we have

approximated F, which appears in Eqn.(2.6) by a Gaussian beam, expanded the Laplacian in powers of r, and retained

only the lowest order terms in r. This is done keeping the aberrationless approximation in mind. 2 The second

approximation made was in representing the turbulence term as a quadratic in the transverse difference co-ordinates.

As lshimaru points out, this is valid for propagation distances of the order of 10-100km. 7 However, we feel it is the

magnitude of the turbulence rather than particular form (r2 / 3 or r2 ) that is crucial to the beam quality. At any rate,

this approximation was made in the semi-analytic model to gain an insight into the problem. The numerical code does

not appeal to such approximations.

The ansatz used for the solution is as follows:

F(z,R, R,t) = Fo exp (-s(z,t) R2 ) exp (-p(z,t) R2 ) exp(P(z,t) exp (-i q(z,t)R-R )(3.8)

This ansatz has a very nice physical interpretation. s(z,t) describes the way in which the beam spreads, while p(z,t)

describes the coherence of the beam, or, in other words, it yields the average size of the speckle spot created by

turbulence. The third term describes the decay of the beam as it is absorbed and spreads. The fourth term is a phase

factor.

This "Gaussian" ansatz clearly breaks down when the beam develops a doughnut shape, as the blooming sets in. But

surprisingly, we have found that the Strehl ratio computed from this ansatz agrees quite well with that obtained from

the numerical code even after the beam gets distorted into a non-Gaussian shape.

When this ansatz is substituted into Eqn.(3.5), we obtain a set of coupled ordinary differential equations that the

parameters have to satisfy in order for the aqsatz to be successful. 5 These equations are obtained by setting the

coefficients of R2 , etc., equal to zero separately. Since the governing equations are coupled, this solution enables us to

study the interaction of blooming and turbulence.

ds(z t) = 2 q(z,t) s(z,t) (3.9)
dz k

dp(z,t) _ 2 ( c + q(z,t) p(z,t)) (3.10)

dz k
dq(z,t) - ( -b- 4 s(z,t) p(z,t) + q2(z,t)) (3.11)

dz k

do3(z,t) 2 q(z,t)= - _ (3.12)
dz k

If we consider the case of propagation in vacuum, when there is no thermal blooming or turbulence, and the

absorption coefficient at is zero, we notice that the differential equations are symmetric in s and p, which agrees with

intuition.

Next, if we increase c, which is equivalent to increasing the turbulent structure constant Cn 2 , we see from Eqn.(3.10)

that p increases (thereby decreasing the transverse correlation length/ average speckle spot).

if we increase b (thermal blooming), q decreases, causing both s and p to be smaller, thereby implying that the beam

spreads more (intuitively clear), but the average speckle size also grows, improving the correlation in the beam.

Thus we see that a certain amount of physics can be gleaned from Eqns.(3.9)-(3.12). In general, these equations

describe an intimate interplay between turbulence and blooming.

These equations were solved numerically, using an adaptive z-step to avoid problems with stiffness.
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IV. Comparisons.

We compared the Strehi ratio Screhi (from our model) defined to be:

SmW ..Lscoelak) (4.1)
1pf(peak)

with the results from MAXWELL, with the turbulence and the (new) 13 blooming modules turned on at 10.6gim and at

3.8j1im. In these runs, we took a uniform atmospheric profile (purely for testing purposes), ax = 0.3 km-1 at 1O.6g.m, and a

=0.02 km-1 at 3.8gxm, an initial beam waist-size of 50cm, a flux level of 1.0 MW/cm2 , a pulse length of 200jgs, and a

propagation distance of 2km.

1O. 6gm: THERMAL BLOOING + TURBULENCE
I MW/CMA2, CNA2:1.E.15 (1/mA213)
distance =21m ; RADIUS =50cm (GAUSSIAN)

1.0

10 0.9 MODELc

N C XE

o0.8

0.7
0 100 time (ps) 200 300

3."tm: THERMAL BLOOMING + TURBULENCE
JMW/CMA2, CnA2=1.E.15 (1/mA213)
distance =2km ;RADIUS So0cm (GAUSSIAN)

1 .0

0.7

00 100 tie(i) 200 300

The average error is clearly < 10%.

It is interesting to note that the agreement at 10.6 microns is much better (on the average) with the semi-analytic

model than at 3.8 microns. We believe that the reason for this is the sensitivity of the transvese coherence length to

the wavelength.

Since there is a 0~ dependence, but only a linear dependence on the flux of the density perturbation due to blooming,

there is a heightened dependence on the pulse lengths. Therefore, it is recommended that the lasers be operated at

shorter pulse lengths and higher fluxes, while keeping the fluencc fixed.
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At this point we would like to note an idiosyncrasy of modeling blooming using a numerical scheme based on FFTs. If

we want to propagate a "narrow" Gaussian beam, it is clear that we need many Fourier modes to represent this shape.

Consequently, we need a large number of grid points in order to perform the propagation calculation correctly. This

requirement is independent of the constraints on the number of points required to do the FFT to a given accuracy. 2

V. Conclusions.

We developed a semi-analytic model to study the combined effect of thermal blooming and turbulence on the mutual

coherence function. We compared Strehl ratios from our model with an FFT-based propagation code. We recommend

that our semi-analytic model be used initially to get a quick feel for the deterioration of the Strehl ratio.

In fact, based on our calculations, we point out that in the t3 regime, it is desirable to operate a high energy laser at

shorter pulse lengths and higher fluxes (while keeping the fluence fixed), which helps maintain a higher Strehl

ratio.

I J. Wallace and M. Camac, J. Opt. Soc. Am., 60, 1652 (1971).

2 P.W. Milonni and J.H. Eberly, Lasers, (J. Wiley & Sons, N.Y. 1988).

3 J.L. Walsh and P.B. Ulrich, Laser beam propagation in the atmosphere, J.W. Strohben, Ed., (Springer-Verlag,
Berlin, 1978) pp. 133-144.
4 A. lshimaru, Wave propagation and scattering in Random Media, Vol. 11, (Academic Press, N.Y. 1978).
5 J. R. Ackerhalt, D.O. Ham, A.V. Nowak, C.R. Phipps and S.J. Thomas, IEEE J. Quant. Elec., QE-19, 1120, (1983).
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SINGLE AND MULTIAPERTURE ZERNIKE CORRELATIONS
IN THE ATMOSPHERIC TURBULENCE PROBLEM

J.Stone and P.H.Hu
Advanced Prograns/Rocketdyne Division

Rockwell International Corporation
6633 Canoga Ave. FA04
Canoga Park, CA 91304

Abstract

We present a unified method of calculating covariances in atmospheric statistics. All quantities are expressed

in the spatial wavevector representation. This allows correlation functions to be written down even for singular Kol-

mogorov statistics thereby avoiding the algebraic complexities of dealing with structure functions. A pseudo-three
dimcnsion-l correlation function for the refractive index is defined which forms the basis for the wavevector
approach. This function is used, together with a displacement relation for Fourier transforms to extend the Zemike

covariances derived by Noll [R.J. Noll, J. Opt. Soc. Am. 66, 207 (1976)] to the multiaperture case. Integrations

required are compared with the direct coordinate space method.
I. Introduction

The extensive body of work of Tatarski and the many who followed has made it possible to envision wavefront cor-

rection to compensate for atmospheric turbulence even when measurements are applied in some direction or configu-

ration different from that which must be corrected. This is true because of statistical correlations which relate

turbulence at different spatial locations. The analysis of Kohnogorov 2 showed that for a range of spatial separations

bounded by inner and outer scales, the refractive index variance due to turbulence at two points is proportional to the

2/3 power of the separation, with the proportionality constant being determined by a strength parameter called the

structure constant.

Because of variations in the atmosphere with altitude, the structure constant C,2 is a function of height, but otherwise

the atmosphere can be assumed to be locally homogeneous and isotropic, allowing us to define a structure function

D, relating the refractive index n( 7 ) at different spatirl points 7 and r 2,

D, (r -r 2) -2 < (n(r,)2 - n(r,)n(r2)) > (1)

which, in the Kolmogorov statistics is the quantity having the 2/3 power dependence.

One might expect, using Eq (1), to be able to define also the correlation function or covariance of the refractive index.

However, using the physically reasonable assumption that the correlation should vanish for infinite separation, the

covariance at any finite separation would have to be infinite. Therefore, although it can be seen that this situation in

really an artifact of failing to account for the outer scale properly, as a practical matter, we cannot use covariances

directly when applying pure Kolmogorov statistics.

The spectral density function for Kolmogorov statistics is nonetheless quite well defined, being, as is well known,

proportional to the spatial wavevector Kc raised to the -11/3 power. The singularity at the origin becomes an integrable

singularity for most quantities of interest for applications and the potential advantage of working in the spatial wave-

vector space (c space) can be significant.

In this paper we review the relationship between the structure function and spectral density formalisms and show,

using some simple examples, how the latter formalism can be used to greatest advantage. We begin in Sec. II by

considering the defining integrals relating the coordinate space and K space quantities for both the refractive index and

its integral along an optical path (the geometric optics phase.) We show that an approximate "pseudo-three dimen-

sional" spectral density function' can be used for the refractive index to calculate all quantities depending on the

cumulative refractive index. This function is derived from the exact full three dimensional spectral density function

and allows us to incorporate (and give additional justification for) the usual assumption that refractive index correla-

tions along the optical path can be neglected.

Then, as an example, we consider the Zemike coefficients of one or more wavefronts as statistical quantities whose

covariance is to be calculated. Noll 4 calculated the covariances of the same or different Zemike modes for a plane

wave propagating through a single aperture using simple expressions for the transforms of the Zemike polynomials

involving Bessel functions. We are able to apply a K space analysis which generalizes his development and leads to

results for multiple apertures and for anisoplanatism of the various modes (Sec.II1). Finally, we use the K space analy-

sis to find coordinate space (piston removed) correlation functions for partly corrected wavefronts (Sec.IV). Removal
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of piston of the wavefront over a defined aperture makes the correlation function, which would otherwise be singular
for Kolmogorov statistics, well-behaved. 5 With the analysis given here, any number of Zemike modes can be
removed.

II.Spectral Densities and Structure Functions

The statistics of refractive index variations are important in optics problems because of the aberrations induced on a
beam propagating through a turbulent medium. Structure functions and spectral densities for both the refractive index
and the phase are considered below. The "pseudo-three dimensional" refractive index correlation function3 is derived,
a quantity which proves to be extremely advantageous in the phase aberration problem, compared with approaches
based on a phase structure function obeying a 5/3 power law.

The refractive index in two different spatial points can be related, in an "ensemble" of similar atmospheres (with
<... •> denoting the ensemble average), by the structure function

D,(7,r 2) = ([n (T) - n (72 )12) (2)

If we assume that the atmosphere is homogeneous and isotropic, this can be written in the equivalent form
D J(I T, - T21 2[C,(0) - C,(lT, -;21 ) (3)

where

C,(7 1  r21) = (n(T)n(72)) (4)

or in terms of a spectral density function (%(K), dependent only on the magnitude of K, as

D,,(7) = 2 fd 3 K 0, ()[1 -exp(2ni. 7)1 (5)

The fundamental defining quantity for atmospheric turbulence is the structure constant C2 (h), which defines the
strength of turbulence as a function of altitude under a given set of conditions'. It provides the proportionality con-
stant for the r' dependence predicted for Eq (1) by Kolrnogorov statistics, which together with Eq (5), leads to

C2(h)r = 2 fd33K D()[1 -exp(21ic.i)] (6)

We can now solve Eq (6) to show that a spectral density function (,, proportional to i-"'3 gives the proper r2m depen-

dence for D. We note that if the correlation function itself existed, it would be given by just the second term of Eq

(6). However, the integrand is proportional to K- t3 and therefore has a non-integrable singularity at the origin. This
confirms the impossibility, already noted, of defining the correlation function for the Kolmogorov distribution. With
an appropriate low frequency cutoff function g(K), we can, however, write

(n (T)n (C)) = f d3K C2(h )CAg (K)C"3 exp(2i [71 - 2J ) (7)

In the limit g (K) = 1, evaluating the proportionality constant in ID itself requires, after we do the angular integrations

in Eq (6), evaluation of an integral

I" YS13(l siny(8)
0 0

whose individual terms are divergent. Here y = 2xir. The result shown in Eq (8) is derived by first considering the

following integral

0

The two terms can, for suitable values of X and gx, be evaluated using the respective relationships6
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f xvel-xdx =,-(v + )rF(v+- ) and f xv-1 sinxdc =F (v) sin(nrv/2) (10)

0 0

where for the first integral Re p. >O, Re v > -1 whereas, for the second, Re v < 1

The restrictive conditions guarantee convergence of the two integrals at 0 and at o and there is a common region of

convergence for -1 < Re v < 1. This allows us to use analytic continuation to obtain iesults when v = -X = -5/3, out-
side the region of convergence for the separate terms. Therefore the integral in Eq (9) is given by

11 = Ir(-2/3) - r(-5/3) sin(51V6) (11)

The first term simply vanishes in the limit g = 0, leading to the result shown in Eq(8). So the spectral density for the
refractive index is given by

O() = CAC,,(h)k - "f' (12)

where we can denote CA, which has the value

CA = [87LI(27r)2-1 = -2 13 1 = .0096932

the atmospheric spectral constant, since it converts the structure constant into an appropriate constant for the spectral
density. CA is found to be identical to the combination of constants C1C31(2C2) used in Ref [3].

In geometric optics, a phase can be determined from the refractive index variations from the relationship
1t

O(W,H)= k fn(W,z)dz (13)
0

where k is the wavevector of the light. We have assumed that z is the propagation direction and let -r represert the two
remaining (transverse) coordinates. A phase correlation can be written in the form

II tt

O(- ,H)M(2,H ) >= k 2f f < n(-r 1,z)n (;2,Z') > dz dz' (14)

0 0

Because we are typically interested in very large propagation distances, the range of integration for Az (assuming we

go to sum and difference coordinates in the two propagation distances) is effectively infinite and hence refractive

index components with wavevectors significantly different from K, = 0 will give a very small net contribution. We

therefore replace I K I by [we + K21 ". Hence 1, now appears only in the complex exponent and we identify this remain-

ing expression involving r4 as

fdr. exp(-i 2m,(hi - h2)) = 8(hi - h2) 
(15)

with the result that the refractive index correlation can, for purposes of calculating the phases for this propagation

geometry, be replaced by
27 (16)

< n (i ,)n ( 2, h) >= CA, -hO,)C(h 1) fd2K g(K)IC1'/3exp(i20C. 7~ - 2)) (6

The vectors appearing here are now all transverse quantities. The use of Eq (16) to calculate phases will prove very

much easier than the use of structure functions which require us to put everything into the form of differences of phase

covariances such as those in Eq (14). With Eq(16) we can directly evaluate whatever covariances are naturally gener-

ated in the problem. Two such problems are considered in the following to sections. Nevertheless, the approach is

completely equivalent to the usual approach using structure functions. We show this in the Appendix and demonstrate

that Eq(16) is also derivable by standard approaches using structure functions.
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lII.Zernike Correlations for Multiple Apertures

Zemike modes constitute an orthogonal set on the unit circle. Therefore we can expand an arbitrary wavefront in a
series of these functions

0(r, +Rp) = Y aZq (p) (17)
q

where the expansion coefficients are given by4

aq = f d'piW(pi)O(Ti +RPi)Zq(p) (18)

where W(p) = 1/r for p _< I

W(p) = 0 for p > 1

This represents a 3-d integral, when the phase accumulation integral (Eq (13)) is included. With no further analysis,

the covariance < a'a, >, including two coefficients and an accounting for the proper phase correlations, would there-
fore be an integral of even higher dimension.

Analysis of this problem in K space leads to a substantial reduction in the problem. The covariance, expressed in
terms of direct space integrals is

Sqa.> f d fd2pPjW(i)Zq(i)W( pj)Zq,(j) < D(ri +Rpi)4 (rj +Rpj) > (19)

where
II I1

+ (ri + Rpi) 4(-rj + Rp,) >= k2 f f dhldhI2 < nI(-ri + Rpi, h,)n (, +(T_ R pj, h2) > (20)
0 0

and, using Eq (16),
It

< 1(r, + R pj)(r 1 +Rp) >= -- 2 f dhChl)
0

xf d2K g(K),"'exp(i2-(ri-rj))exp(i2iri-.Rpi)exp(-i2TK.Rpj) (21)

We can also express the Zemike pieces in K (Ki and K1 ) space as

W(P,)Zq(Pi) = fd K, exp(-i2nK • pi)Qq(I K, I,)

W(Pi)Zq'(Pj) f {d Kj exp(+i 2lKj Pi )Qq (I Kj1 04) (2

Here the Q functions are 4

Q, K . J) = KJ (21m) i,21 {8,,, cosm 0 + 8, - sinm 0} (23)

where J,, + (x) is Bessel function of first kind and

K,, =(fl+l)1a(-l)(n - ' 2 form#0

(n +12

All dependence on pi or pj is isolated in the complex exponentials so that the d2'p and d2p1 integrals just give (2d)

delta functions 8(Ki - KR) and 8(Kj -K.R), respectively.
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Applying these 5 function relations leads to
i,= I'dC()d2 xI Y- 11 (24)

>= q k f nh,(z fdl ex'~t. ~-T))g (K)1 1 Qq (KR, I )Q;.(CR 1 0)(4
0

The final double K- space integral can be simplified to a single a space integral involving a (third) Bessel function by
carrying out the angular integration. The dot product in the exponential is expressed explicitly in terms of angles

K. (r7 - i) =I KI I (r, - rj)l cos(O -4) where 0 is the angle in the direct space. The dependence of Qq and Qq. on

et'i* and e+ m'O is also introduced, allowing us to use the integral formula
2n

J(z)= f exp(-ipo + iz sin4))do (25)

0

to replace the angular integral. The covariances can now be expressed in terms of integrals of the form3

f -1413j" +l(KR)J,,+,(KR)J,+m.(K(Ir,-rjl)dK or f K- J. +,(R)J.+,(R)Jim-ml(c(Iri-rjl)dK (26)
0 0

combined with various angular factors3, which are sines or cosines of (m ±m')O. The use of the K space analysis has

reduced the result to the evaluation of a single height integral and a single K space integral. The expressions in Eq(26)
can also be written in terms of HJ3 functions defined in Ref[3], where

HJn ( ,NJ ,N 21 .... N,, A1, A 2 .... AJ) f x-'J,,(A~x)J,,2(A~x ) ' ..JN (A~x)dx

0

For aperture separations approaching zero, Noll's 4 results are reproduced.

IV.Correlation Functions &o hal CorrectedWvf~t

The concern with the statistics of turbulence is often connected with the problem of providing compensating aberra-

tions on a beam to be propagated through a region of atmosphere. At some stage in the process, these corrections may

be only partial, in that our measurements will sometimes fail to detect aberrations, invariably piston, but often other

low order modes.5 The appropriate atmospheric correlation functions when the first p lower order Zemike modes have

been taken out can be written in the form

C(_,_) = { (l) _I q=aqZq(-P )] [0(i2) - J aqZq(p2)]) (27)

This expression can be reduced to explicit mathematical form using the techniques developed for Zemike covariances

in the preceding section. It is convenient before proceeding to rearrange the expression so that the infinities associated

with the Kolmogorov statistics are canceled. This only requires that we remove at least the piston (p > 0), so we can

write

(t,;)= (00 _a.-(l/2)Dp(r'l-r2)+ _ I(aqaq )Z,(PdZq(P 2)
q=lq'

-_(r[)I XaqZq(, 2),]) + ([ao - O(r2)] IIoaqZq(P)]) (28)

In regrouping this expression, we have added in the null expressions a' -a' and

(0()2) - )(7t)4)(r2)) - (I/2)D,(r, - i2)

the latter corresponding to the definition of the phase structure function' 7 (see also Appendix). The first term in

Eq(28) is just the piston-removed phase variance , while the Zemike covariances in the third term are the (single aper-

ture) quantities discussed in the last section. The only new quantities here are the covariances of the phases with the

Zemike coefficients in the last two terms. In order to evaluate these we write down in analogy with Eq(19)
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(O(iR)a,) f d2P2 W(P2)Z(P2) < ((Rp)OP(RP 2) > (29)

= f 2 P2C~k 2  A dhC2 (h1) fd g (K)IP'1() exp(2ltiK.(Rp1 - R P2)
0

xfd 2 2 exp(+i2rC2 , p2)Qq0 l21,02) (30)

Finally, applying the P2 integration and the resulting delta function, we find the following form for the covariance
H

(O(p,R)a,) = CAk 2 f dhC,(h) f d2K exp(27ricR p, cos(O - 0
1))g(K)K-"3Q*(cR, O) (31)

0

We have used the explicit form of the dot product in terms of the angle a - 0 between 1C and p,. We substitute
Q .,. from Eq(23) for Qq. Now we carry out the angular K integration using a+ V2 as the variable of integration and
find, using the integral representation of the Bessel function,

(O(pR)aq)= 2IrCA f dhC,(h) fdlKcg (K)w7" J,(2mrcpjR) {J , 1(2nKR)/[nKR] }K,,m[S,, cos m0, + 5,,-, sinmO0] (32)
o 0

Now with the change of variables K'= 2iticR, we can substitute this result into Eq (28) to obtain

C(r',i)= -X.<aqaq.>Zq(P,)Zq.(p2)+ (2R)"k2 [Cf(hdh- 1 2.915 2- Tl 5-p2l +0.4391 (33)
q=lq'= 1 q {

0
I Zq(p 2)Rm*,,A(, 0 1) x [HJ2(11/3, n + 1, M, 1,p 1 ) -28,(HJ2(14 /3, n + 1, 1, 1, 1)]q =0

-P Zq(p)k . Am(l,O)x[HJ2(ll/3, n +1,m, 1,p 2)-2S80oHJ2(14/3,n +1, 1,I, 1)]}
q=O

The constants appearing are defined as8

Am(l,0)=8,,,cosm0+8,-,sinmO and

k .,,n = 2K.,-C fnt

We note that the integral over C2(h) appearing in Eq(33) can be conveniently replaced by using the quantity ro defined
by Fried 9, which gives the integral (including the accompanying k2 factor) as 2.362 r m .

V.Apendix
The usual treatment of phase fluctuations utilizes the phase structure function, relating the phase at two different
points in a wavefront propagated through turbulence is defined as

D ) = ([j(),) - ( 2 ) 2) (34)

The invariance properties lead us to the alternative form

D,(r,,T) = 2 < 01() 2 > -2 < (r)(2) > (35)

which, on substitution of Eqs (13) and (16) leads to the relation
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H

D,(,, = 2CAk2f C,2(h)dhfd2K )C"r(l -exp(2iK. jF, -r 2])) (36)
0

= 2CAlmI(1 1/3) (2n)s I T k2  C (h)dh (37)
0

where the last relationship is for g c) = 1 and

1(Q) = x [-° -2Q-'[F(Q/2)1 2 sin[n(Q -2)/21

Note that the combination ,,,(l 1/3) (27)" coincides with the ratio C21C3 in Ref[31.

A more conventional approach 7 to the calculation of the structure function proceeeds from Eq (34) by adding and sub-
tracting terms as required to obtain combinations of refractive indices corresponding to structure functions

2H H

=,( 2 f dzi f dz2({F,(7,,; 2, z,, z2) -F 2(T1,7 2, zZ 2)}) (38)
o 0

where

F,(7,,72,z1 , z2) = ([n(ij, z,) - n(7 2,zl 2 + In (7 2, z,) - n (T,, zZ)] 2)

and

F2(r1, 2, z, z 2) = ([n (;,, z,) - n (7,, z 2)] 2 + In (7 2, z) - n (-2, z2)]2) (39)

The two refractive index terms in each of the two functions F, and F2 are equal since the refractive index structure
function depends only on the distance between the points and on their average altitude. As a consequence we can
write

If H

D,,(7r k 2 f{d f d(A&z){ID,([I7 -21 +~ (Az)j 119,Y) - D,,(Az, )} (40)
o -41

where we have transformed to average height and height difference coordinates z and Az. With D, = C.(z) IF7 -F212r,
the integrand is sufficiently small when Az > 17, - 721 to allow replacing the limits on Az by (-o,+oo) with the result
that

Do( ,, 79 = I , -F1 S"I( l/3)k 2 f d-C,2(-z) (41)
0

where' °

I(a)= f[(x2+l)-(x2)idx 2a r(/2)r(l/2-a) (42)
2ao+ F( -a)

and the variable x in the integrand corresponds to the dimensionless ratio Az/IF, - 21. The value of the constant
1,(1/3) is approximately 2.91, the constant C, of Ref [3]. The equivalence to the analytic form [2"Th(l/6)]/[5r(1/3)]

given there can be established using r(1/2) = it"2 and r(2z) = (2nt)-'22r-F(z)r(z + 1/2) with z=l/6 (the Gamma
function duplication formula6.)

The result in Eq (41) is in fact identical to Eq (37) because of the equality

I1(1/3)l11 = Rt/!(l 1/3) (43)
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readily verified using the F function reflection formula.6 This shows that the approach using the x space integration
and the replacement of the K, factors by a 8 function in h is completely equivalent mathematically to the conventional
approach, even though it is much easier to use than tie usual approach.
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NONLINEAR OPTICAL EFFECTS IN LASER IRRADIATED

MICRON-SIZED DROPLETS

R. L. Armstrong

Physics Department, New Mexico State University, Las Cruces, NM 88003

Abstract instantaneous, is 54 nsec. Delay of the
Nonlinear optical effects, notably sti- reference beam by this comparatively long

Noninaroptca efecsnoabl si- time Ccompared with the laser pulse length
mulated Raman scattering and fluorescence/ of 8cnse ws for asureento

lasing, exhibit unique behavior n small of 8 nseh) a ows for measurement of

droplets due to the presence of morphology- scattered light and reference beam with a
dependent resonances. This talk describes single detector. This arrangement permits
recent results in this area. time-resolved and spectrally resolved

measurements of scattered light on single

Introduction laser shots, which we found necessary to
eliminate undesirable pulse waveforms on

A variety of nonlinear optical effects, some single shots.

notably stimulated Raman scattering (SRS) The results of temporal and spectral

and fluorescence/lasing, have been observed measurements of droplets for single laser
shots are shown in Figs. 2 and 3 at laser

in transparent micron-sized droplets irradi- intsite st bl th at q e fr

ated by intense pulsed laser beams. These intensities just below thatequired for
effects exhibit characteristics not found in aerosol-induced breakdown.

3  Our time-
bulk, including SRS and fluorescence spectra resolved measurements for 26- and 68-i'm-

consisting of sharp, quasi-periodic peaks, diameter CC 4 droplets are shown in Fig. 2.

and temporal delays in the initiation of SRS Astan ous for bkh, e lastiqc scattering is

and lasing emission. The unique optical instantaneous for both liquids. However,

properties of small droplets arise from the unlike in the bulk, the SRS light for the
first Stokes shift for water and multiple-

presence of high-Q resonances (so-called ore Stokes shift for te sngestiRama

morphology dependent resonances or MDR's) in order Stokes shifts for the strongest Raman

the response of the droplet to electro- line (c ) of CCi 4 are all delayed by about

magnetic radiation. Two distinct classes of 5-7 nseC. Our finding that the delay for

resonances occur, input resonances where the water and CC1 4 is about the same suggests

incident radiation excites an MDR, and that the droplet shape (which enables
output resonances w here the droplet resonances to exist), not the dropletouctutionaes., wheore thuoespet material, is instrumental in causing the
ecupItasto (eMDg. D or uorescnce delay. Our finding that the delay in the
couples to an MDR. Double resonance mutpeodrSksshfsiCl 1 aeal

conditions occur when both input and output multiple-order Stokests hat in CCI 4 are all

fields couple to MDR's. In this paper, we about the e si mult iplesly
present some recent results illustrating the shifts are excited simultaneously.

spectral, temporal, and spatial properties Although it is generally believed that
SRS emissions in small droplets corresp~ngof laser-droplet systems, to structure resonances in the droplet, " ' 5

Output Resonance SRS no actual identification of resonances has
been made. To contribute to the solution of

Output resonances have been observed in this problem we measured single-shot SRS

SRS, I  lasing. 2  The experimental spectra in water droplets as a function of

arrangement used to observe these resonances droplet size, as shown in Fig. 3. Droplet

is shown in Fig. 1. Green light (532 nm) size was determined within 2% accuracy by

from a frequency-doubled Nd:YAG laser is measuring the vibrating orifice generator

focused onto droplets that scatter elastic frequency and by weighing a timed collection

(green) and inelastic (red-shifted SRS) of the counted number of droplets. Several

light into the spectrometer. Part of this SRS peaks appear within the broad sponta-

light is reflected onto a one-dimensional neous Raman linewidth, and these peaks have

array detector (PDA) by a beam splitter a quasi-periodic structure.

(BS2) for measurement of its spectral If these peaks are associated with

content. The remaining scattered light is corresponding structure resonances in

combined with a delayed (green) light pulse elastic scattering of the same order Z, they

from the reference beam and passed through should have a wavelengtq separation given by

the exit slit onto a photomultiplier tube the asymptotic relation

(PMT). The PMT signal is then fed to a
transient digitizer, and the resulting X2 arctan(n 2 -I) (1)
signal traces are displayed on a CRT for AX = 2

measurement of the time delay between (n2 -1

scattered and reference beams. Thescaclteed time drefelaynbetwee se to T where r is the droplet radius (r >> X) and ncalculated time delay between these two i h rpe ercieidx uis the droplet refractive index. Our
beams, taking into account the speed of measurements of the separation of peaks A
light and path-length difference and (done by applying a fast-Fourier-transform
assuming that droplet scattering is
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method to the spectral data) versus droplet indices are 1 x 10- 5  and 1 x 10- 6.
radius r are in excellent agreement with Eq. For ethanol droplets there is an
(1) . This is compelling evidence that the intermediate region [not shown in Fig. 4(b)]
SRS emissions seek out structure resonances ranging from 562 to 575 nm where peaks occur
in the droplet, with each successive peak irreproducibly from shot to shot. This
corresponding to elastic-scattering reson- behavior contrasts with the peaks in region
ances of sequential mode number n but of the B, which occur reliably on every shot,
same mode order, Z-. provided that the droplet generator operates

We suggest that the delay of SRS in stably, ejecting uniformly spaced spherical
small droplets is a consequence of the droplets. Unstable operation of the
finite time required to build up resonances generator results in slightly aspherical
that support SRS. The droplets act as droplets, giving rise to additional reson-
electromagnetic cavities with Q (energy ance peaks.
stored/power gain per cycle = time delay of The quasi-periodic structure of the
SRS for laser irtensity used/period per lasing peaks motivated us to compare their
cycle) ; 3 x 10 .  The SRS spectra are wavelength separation with that predicted by
normally dominated by one set of quasi- the asymptotic relation Eq. (1). By using
periodic peaks, suggesting that for a given the gravimetrically determined droplet radii
droplet size and refractive index, structure and the known real refractive indices, the
resonances of a particular width and mode calculated wavelength separations of the
order dominate over all others, resonance peaks are in good agreement with

Laser Emission observations. This is strong evidence that,
as suggested for SRS, resonances of a single
mode order support lasing in small droplets.

Fluorescence spectra from organic dye- Typical single-shot temporal profiles
doped, micrometer-sized spherical particles obtained by probing different spe-ctral
have also been studied for a number of regions are shown in Fig. 5. Figure 5(a)
years. 5  The observed spectra exhibit shows typical time signatures characteristig
intensity peaks associated with the MDR's of of the bulk fluorescence decay process.
the sphere. With increased pump irradiance Signals from both the absorption region A
the fluorescence from dye-doped droplets and off resonance in region B yield similar
evolves into the nonlinear optical regige, features with slightly faster rise times
resulting in laserlike emission .' (Fig. 5(b)]. This similarity in temporal
Stimulated Raman scattering (SRS), as behavior with the bulk liquid is expected
discussed previously, is a similar nonlinear since in the absence of resonances the
evolution of spontaneous Raman scattering in spontaneous emission originates from a
transparent droplets. Here, we report the volume-averaged region of the droplet. The
results of a spectral and temporal study of on-resonance signals in region B, which are
lasing from dye-doped droplets. stronger and associated with lasing [Fig.

The experimental arrangement is that 5(c)], have faster rise times and narrower
shown in Fig. 1. We make simultaneous widths than those of either the absorption
spectral and temporal measurements of lasing or the off-resonance regions. These signals
from dye-doped (3 x 10- M Rhodamine 6G in are dominated by stimulated emission from
water or ethanol) droplets. Figure 4(a) and near the droplet surface.
4(b) show spectra for monodispersed water Mu1tip1e time peaks are observed

and ethanol droplets, respectively, obtained sporadically [Fig. 5(d)], with the highest
by appending a wavelength-sequenced series frequency of occurrence for ethanol at 585-
of single-shot spectra acquired within 590 nm and for water at 570-575 nm. The
minutes of each other. The corresponding second peak's initiation and rise time can-
bulk fluorescence emission spectra (obtained not be measured precisely, but the delays
by irradiating the liquid in a cuvette and are relatively long (8-11 nsec). These
imaging the resulting bright yellow fluores- peaks could e evidence of relaxation
cent spot on a spectrometer slit at 900 to oscillations.
the direction of incidence), and a portion For ethanol similar signals were
of the absorption edge (obtained from bulk recorded at 630 nm (Fig. 5(e)]. The second
liquid by using a spectrophotometer) are ak is due to SRS emission; in its absence
also shown, As found previouslyd the peaki u oSSeiso;i t bec
drolet sowt. exhibit a fy ad ey (achieved by lowering the laser energy below
droplet spectra exhibit a flat and nearly SRS but above the lasing threshold) the
featureless region (region A) and a region first peak remains with the same temporal
(region B) consisting of an abundance of shape. The profiles suggest a slightly
well-defined quasi-periodic lasing peaks. longer delay for SRS emission than those in
We note that for the case of ethanol Fig. 2.
droplets at least one SRS peak at 630 nm The intermediate region referred to
[Fig. 4(b)] is seen to occur simultaneously earlier for ethanol droplets exhibits unique
with lasing. This can be confirmed by behavior in that when resonances occur they
lowering the Nd:YAG laser energy and noting typically have long initiation times,
its disappearance while the lasing persists. suggesting that the larger gain required to
The transition from nonlasing (region A) to achieve threshold in this region of higher
lasing (region B) occurs at approximately absorption needs longer paths in the droplet
565 nm for water and 575 nm for ethanol, and hence takes more time to build up.
The corresponding imaginary refractive In conclusion, laser emission from dye-
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doped droplets is supported by resonances of

a single mode order. The Q value of the Quasiperiodic bursts of SRS emission,
particular mode that contributes to lasing which occur at times when resonance
is always of the order of 7 x 104. Long conditions are satisfied, are seen as
delays found in droplet SRS are not observed bright, full, or partial red rings on the
in the presence of lasing. The slightly droplet rim. The times of occurrence of SRS
longer SRS delays may be evidence of can be recorded to an accuracy of 1 sec. By
competition between the two stimulated comparing levitating laser power with
processes. Evidence of relaxation oscilla- theoretical radiation pressure calcula-
tions, known to be associated with laser tions, 4  droplet radius and hence size
emission, is also observed. parameter (X 1 2TTri/X , where ri  is the

radius and x is the incident Nd :YAG
Double Resonance SRS wavelength) evolution can be precisely

Measurements of SRS, cited above, have determined. A comparison of measured Xiwith resonance 1ize parameters calculated
been made for droplets satisfying a from Mie theory allow an identification of
resonance condition only at the emitted input resonances. Known droplet radii
(output) wavelength, since with the lasers inu reoacs Kow doptrditogether with measured SRS wavelengths allow
and droplet generation methods used, there identification of the corresponding output
was no practical way to tune the incident resonances.
laser wavelength or droplet size to an input A summary of input and output resonances
resonance condition. We now consider obser- deduced from measured SRS spectra reveals
vations corresponding to a double-resonance that in virtually all cases, the mode orders
condition, where the droplet is in resonance of input and output resonances match. This
at both incident (input) and emitted suggests that spatial overlap of the
(output) wavelengths. SRS emissions for the internal electromagnetic field distributions
double-resonance condition occur for for input and SRS, as dictated by mode-order
incident laser intensities (-0.2 W/cm 2 ) that matching, is an important criterion for SRS
are lower than for output resonance emission. Delays in the initiation of
conditions. 3  We further identify, at least double resonance SRS vary over a wider range
tentatively, the resonance mode orders and (<2 - 14nsec) than for the output resonance
numbers that support double-resonance SRS delays shown in Fig. 2.
fo r -5-7 i radius glyerol droplets In conclusion we have confirmed double-
irradiated by 0.532-m wavelength radiation resonance SRS from levitated droplets. The
fr om a pulsed Nd :YAG laser. Our identification of the input resonances
observations suggest that both input and reveals that the mode order increases with
output resonances usually have the same droplet size. Mode orders of input and out-
mode. Further, resonances that support SRS put resonances match with few exceptions.
are of lower order than those observed in
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We achieve double-resonance conditions
using optical levitation I 0  (Fig. 6). The author acknowledges his colleagues,Glycerol droplets trapped in a focusedaGon-iron laspes bea (notishon) sl d A. Biswas, H. Latifi, and R.G. Pinnick, forargon-ion laser beam ( n ot shown ) slowly collaborating on this project with him.

evaporate at a rate of -0.4 nm/sec, allowing
dr Dplets to pass through resonarce References
conditions at the incident Nd:YAG wave-
length. A position-sensing, split 1. R. G. Pinnick, P. Chylek, R.L.
photodiode feedback detector and pockel's Armstrong, H. Latifi, E. Creegan, V.
cell (not shown in Fig. 6) coupled to the Srivastava, and M. Jarzembski, Opt. Lett.
argon-laser output permit continuous 13, 494 (1988).
recorded adjustment of laser power needed to -3 A9 (1988).

2. A. Biswas, H. Latifi, R.L. Armstrong,
keep the droplet stationary. In addition, and R.G. Pinnick, Opt. Lett. 14, 214 (1989).
scattered argon-laser Iight is recorded 3. R.G. Pinnick, P. Chylek, M. Jarzembski,
using a photodiode. Monitoring of E. Creegan, V. Srivastava, G. Fernandez,
levitating laser power and elastic J Pendleton, and A. Biswas, Appl. Opt.
scattering from the droplet permit 27, 987 (1988)
determination of droplet size to within 0.1% -
of its radius. 4. P. Chylek, J. Kiehl, and M. Ko., Phys.

Quasiperiodic bursts of SRS ( arising Rev. A 18, 2229 (1978).
from the 2855-0m - I  shift C-H stretching 5. R.E. Benner, P.W. Barber, J.F. Owen, and

R.K. Chang, Phys. Rev. Lett. 44, 475 (1980).
mode) are observed from the droplet only 6. H. M. Tzeng, K. F. Wall, M.B. Long, and
when the combination of droplet size and R.K. Chang, Opt. Lett. 9, 499 (1984).
Nd : YAG wave-length satisfy an input 7. H. -B. Lin, A.L. Huston, B.L. Justus, and
resonance condition. This differs from A.J. Campillo, Opt. Lett. 11, 614 (1986).
previous studies where input resonances 8. I.B. Berlman, Handbook of Fluorescence
could not reliably be achieved because of Spectra of Aromatic Molecules (Academic
lack of precise control of droplet size. Press, New York, 1985), p. 26.
Spectral content of SRS emission is measured 9. A. Yariv, Optical Electronics, 3rd Ed.
by imaging the droplet onto a spectrometer (Holt, Rinehart, and Winston, New York,
equipped with a one-dimensional photodiode 1986), p. 188.

719



10. A. Ashkin, and J.M. Dziedzic, Phys. of resonance peaks. The spheroids have
Rev. Lett. 24, 156 (1970). nearly the same volume as spheres in (b);
11. A. Ashkin, and J.M. Dziedzic, Phys. their axial ratio was estimated by viewing
Rev. Lett. 38, 1351 (1977). them through a microscope with 200X
12. C. F. Bohren, and D.R. Huffman, magnification.
Absorption and Scattering of Light by small Fig. 4. Typical lasing spectra for
particles (Wiley, New York, 1983). Rhodamine 6G-doped water (a) and ethanol (b)

droplets (with radii of 11.3 and 11.8 P m,
Figure Captions respectively) irradiated with a 532-nm

pulsed Nd:YAG laser. Also shown are the
Fig. 1. Schematic of the experimental setup fluorescence emission band and absorption
used for measuring time dependence and edge for the bulk liquids. Both water and
spectral content of elastic and inelastic ethanol droplets show a region where no
(SRS) scattering in small droplets. lasing occurs (region A) and a region
Fig. 2. Time-resolved measurements of corresponding to a sequence of quasi-
elastic scattering and SRS from water and periodic lasing peaks (region B).
CC1 4  droplets. Time delays for the first Fig. 5. Representative temporal signals
Stokes shift for water droplets and for from different wavelength regions: (a)
multiple (through ninth-order) shifts for bulk-liquid fluorescence, (b) off-resonance
CC1 4  droplets are shown. The laser pulse region in droplets, (c) droplet lasing,water
width is about 8 nsec; the peak intensity is (575 nm) and ethanol (586 nm), (d) the same
about I GW cm - 2 .  Data points depict as in (c) except showing multiple time
averages of 25-50 single laser shot peaks, (e) SRS and lasing simultaneously
measurements of the delay together with from an ethanol droplet (630 nm), (f)
typical one standard deviation. Absolute intermediate region lasing from ethanol (572
errors arising from differences in the laser nm).
and SRS signal pulse widths and from finite Fig. 6. Schematic top view of experimental
detector time response are estimated to be arrangement. The levitating argon-laser
not more than an additional + 2 nsec. beam directed normally outward from the
Fig. 3. Single-shot SRS spectra of water plane of the paper and the six-sided glass
droplets irradiated with green light from a cell enclosing the droplet are not shown.
pulsed laser with peak intensity -1 GW cm - 2 . The feedback-stabilized levitated droplet is
Spherical droplets range in size from 29- to positioned at the focus of the Nd:YAG laser.
130wm diameter [(a), (b), (d)]. The peaks Simultaneous monitoring of argon elastic
are quasi-periodic. Spectra for spheroids (light scattering detector), SRS
(c), obtained by detuning the droplet (spectrometer), and view of droplet
generator from the resonant frequency used (microscope) are possible rsing this
in (b) to generate spheres, show a plethora arrangement.
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Abstract

The fluorescence decay time of aerosols is estimated by successive convolution of the
nonfluorescent return. Results of field experiments with aerosol clouds are presented.

Introduction

Various remote measurements of the decay times of organic compounds in liquid and
solid form have been made using the Atmospheric Sciences Laboratory Lidar Test BedI (LTB).
For solids and liquids, determination of the slope of the logarithm of the decay in the
region well below the peak is a viable approach if the signal to noise ratio is high
enough to observe the decay over a significant portion of a decade and if the LIDAR re-
ceiver system is linear and does not exhibit significant ringing.

One technique being investigated is the so called "Z transform". The Z-transform2

deconvolution method is based on considering the fluorescence intensity as a time sequence
f(n).

n
f(n)=Z i(m) s(n-m) (1)

m=O

f(n) is the convolution of the impulse response sequence i(n) and the observed system
response sequence s(n). For a single component i(n) is modeled as a single exponential
decay i(n)= A EXP(-n/CI) where n=l,2,... and Cl is the time de3ay. The Z-transform decon-
volution analysis is analogous to the Laplace transform method . Fur our data the decon-
volution was evaluated for several values of the Z parameter. The decay times obtained
for the different Z parameters were averaged and the average was assigned to the sample
decay time.

The reiterative convolution technique4 is also used to extract the decay time of the
sample by successively comparing the convolution of the amplitude normalized elastic
return and exponential decays with the amplitude normalized fluorescent return. The areas
of the two returns were compared and the value of the exponential decay which most closely
matched the areas was considered to be the proper value of the exponential decay.

Underlying all these techniques is the basic fact that in general the time response
of a multicomponent system is the result of the convolution of the time responses of the
separate components composing the system. In the following discussion we shall denote
convolutions by "*". The assumption is made that the elastic return time response, Fe(t),
and the fluorescent return time response, Ff(t), are amplitude normalized.

If the time response of the elastic return is

Fe(t)=fl(t)*f2(t)*f3(t)*f4(t) ..... fn(t) (2)

and the time response of the fluorescent return is

Ff(t)=fl(t)*f2(t)*f3(t)*f4(t) ..... fn(t)*EXP(-t/Cl) (3)
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where Cl=0 for nonfluorescent targets

and fi is the time response of the ith system component for i=l,2... n

then obviously EXP(-t/Cl) is the result of the deconvolution of Fe(t) and Ff(t).

If we are to measure aerosols we must be sure that this condition is satisfied for
the measurement. In practice this means that the attenuation through the aerosol cloud
must be very small.

While this is a straight forward process using Fourier transforms, in practice, the
results we achieved with data from the LTB for input were less than satisfactory due to
distortion and noise in the lidar system. If the portion of the two returns which is used
for comparison is restricted to the region of good signal to noise ratio then reasonable
results can be obtained. This is done in the successive convolution technique by base
clipping before making the area comparison of the normalized data. The exponential decay
values presented in this report are the result of an arbitrary choice of the 50 percent
level for clipping.

Description of Experiment

The Lidar Test Bed consists of a tripled Neodymium YAG laser (Spectra Physics DCRl)
with a multiplier, various high speed photomultipliers and a Lecroy 1.3 GHz 8 bit waveform
digitizer. All measurements described herein were made at the tripled wavelength (355 nm)
at about 1 mJ per pulse. Pulse width is about 6 ns at the 50 percent level. The pulse
repetition rate was 10 pulses/sec. The effective receiver bandwidth is estimated to be
about 300 MHz. Because of the need for low distortion and ringing the photomultipliers
are coupled directly to the digitizer. System timing is derived from the output of a
photo diode inside the beam separator housing. This also provides a measure of output
power variations. All adjustments are manual. A 12 inch diameter offset Newtonian system
is available, however, these measurements were made at a distance of 10 meters with no
optical system other than band pass and neutral density filters. The ultraviolet light
was excluded from the fluorescent channel by means of a Kodak "2B" gelatin filter. The
fluorescent light was excluded from the elastic channel by using a Schott "UG5" filter.
The optical input was adjusted by means of neutral density filters in order to operate the
photomultiplier tubes at the same approximate voltage close to their maximum ratings in
order to assure that the rise and fall times of the photomultipliers are as short as
possible and hopefully equal.

The aerosol was generated by means of 5 aerosol generators placed inside an open
ended metal housing 3 meters long and approximately one half meter on a side. The housing
was open at the bottom. A short range was chosen to assure that the beam did not contact
the housing. The housing was necessary to keep the aerosols confined to the region of
interest.

The available software precluded the use of both channels in the digitizer in the
averaging mode. Both photomultipliers were connected to a single channel by running one
photomultiplier through a 90 ns delay line consisting of a length of RG9B coaxial line.
The line introduces a distortion in the pulse shape. It is necessary to compensate for
this by taking two sets of measurements, one with the delay line in the elastic return
channel and a second with the delay line in the fluorescent channel. The results of the
two sets of data are averaged in order to get the correct value. Each measurement is the
average of 1000 returns.

Results

The material used for the test was Aldrich Chemical commercial grade fluorescein "70
percent water soluble". This material was dissolved in water. The concentration was 0.01
g/l. The 64th edition of the Handbook of Chemistry and Physics lists fluorescein as 3,4
Dehydroxy Floran (p.C-301) and does not show that it is soluble in water. We therefore
assume that this material is not pure 3,4 Dehydroxy Floran. The average of the two meas-
urements of the time decay of the "fluorescein" was 5.57 ns in a liquid sample taken from
the aerosol generators after the test. The average of the two measurements of the same
material in the aerosol was 6.18 ns.

Using the Z-transform method, the fluorescence liquid phase decay time of fluorescein
was computed to be 5.86 ns. In comparison, the fluorescence aerosol phase decay time of
the same sample was calculated to be 4.35 ns.
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Conclusion

It is possible to remotely measure the time decay of fluorescent aerosols if the
following condition is satisfied:

The amplitude normalized time response of the fluorescent
return differs from the amplitude normalized time response
of the elastic return only by EXP(-t/Cl).

This is a nontrivial case which can be adequately approximated by aerosol clouds of very
low total attenuation.
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The Parameter Extraction Algorithm

ADVANCES IN 1.06 Am ATMOSPHERIC PROPAGATION The algorithm developed for parameter
MODELING extraction does a least squares fit of a

computed spectrum to an experimental
R.L. Spellicy, spectrum. It uses a custom line-by-line code

W.O. Gallery, S.G. O'Brien, B.K. Matise written for the purpose and performs
OptiMetrics, Incorporated computations on a grid less than or equal to

106 E. Idaho that of the experimental data using a full
Las Cruces, NM 88005 Voigt line profile. To fit data distorted by

an instrument function, the routine convolves
Abstract the computed spectra with an appropriate

response function such as sin(x)/(x). The
Advancements in short wavelength lasers has algorithm uses a code from the Quantum

renewed the interest in molecular and aerosol Chemistry Program Exchange called STEPIT (a
extinction in the 1.0 to 2.0 Am region. In multivariable simplex routine) to control the
recent programs sponsored by three agencies: variation of parameters during fitting. The
Lincoln Laboratory, the U.S. Army Strategic code considers convergence to have been
Defense Command, and the Atmospheric Sciences reached when the least squares difference
Laboratory, OptiMetrics has refined current between observed and computed spectra cannot
models in this spectral region for use with be improved by more than a predefined amount
both ground level and slant atmospheric paths through variation of any of the parameters.
treating both molecular and aerosol A flow chart of the overall code is shown in
extinction. figure 1.

Molecular Absorption
I nit ial strengt h

Molecular absorption falls into two p 0.ition, width Read Inputs

categories: continuum absorption and line
absorption. Continuum absorption, which
arises from the far wings of spectral lines R D Experimental

well removed from the point of computation, Spectral data
,s significant in the 3-5 Am and 8-10 Am
regions where its absorption coefficient is Ot
0.01 km -1  or larger. In the 1.06 Am region Call Line-Sy-Line Scmo

however, the continuum is less than 10- 4 km-' l m Sp.trum
and consequently not of general concern.

Line absorption can be significant for Call CaIf

atmospheric propagation near 1 Am depending STEPIT Least quares

on the particular wavelength of interest.
Computation of atmospheric transmission for plot
laser applications are usually performed i Output Para rm

using line-by-line methods such as employed i Line-By-Line

in the Geophysics Laboratory FASCODE
algorithm. However, these computations can
be only as good as the parameters available Figure 1. Flow chart for parameter extraction
in the spectral line atlas used. The HITRAN software
atlas, developed by Geophysics Laboratory,
has not been updated for water vapor Line Parameters for H20 at I um
absorption in the 1.0 Am region since the
original compilation was put together in The data used in the second phase program
1979. A refinement of the line parameters was absorption data collected by Flaud, et.
was necessary. To accomplish this, al. 1 using the Brault interferometer at Kitt
optiMetrics undertook a three phase program. Peak. The data was collycted at a spectral
In the first phase, sponsored by Lincoln Lab, resolution of 0.012 cm- (FWHH) using pure
we developed a fitting algorithm which water vapor at 17.4 torr and was taken with a
allowed for line strengths, widths, and path length of 434 meters as provided with a
positions to be extracted directly from high multipath White cell. The data were all
resolution spectra. In the second phase, coadded, single path interferograms and
funded by the Strategic Defense Command , we consequently were influenced by the
used this algorithm to extract parameters interferometer instrument response function.
from self-broadened, absorption-cell ata Fortunately the line density in this region
collected by Flaud, Camy-Peyret, et. al. at was low enough that the baseline was apparent
Kitt Peak. The third phase, supported by the between spectral lines and, throughout the
Atmospheric Sciences Laboratory at White region, the strongest lines saturated. This
Sands Missile Range, is ongoing at the time allowed the zero and 100% signal levels to be
of this writing. This phase will supplement determined and the relative transmittance
the parameters evaluated in the earlier data to be normalized.
phases by adding parameters for the weaker Using the Kitt Peak data, 770 spictral
isotopic lines as well as evaluating self-to- lines were treated between 9090 cm-  and
foreign broadening ratios for all lines. 10,000 cm-1  extracting line strengths,
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positions, and self-broadened widths for all computed with our and their parameters to the
lines. By way of example, fig re 2 shows the original experimental data, however, our
region from 9105 to 9110 cm-1 and compares strengths gave consistently better fits and
the experimental data to calculations were therefore considered to be somewhat more
performed using the line parameters of the accurate. The deviations we have observed in
November 1986 Geophysics Lab compilation and comparing our parameters to those of Mandin
those derived here. Clearly the new et. al. are consistent with the errors one
parameters improve the calculational normally encounters using an equivalent width
capabilities considerably. measurement. That is, one underestimates the

strength because of the difficulty of
completely accounting for the area in the

- -1-<wings of the lines well removed from line
090 \ . .I r' 'v  center. Although Mandin, et. al. made

00 corrections for these effects it appears
I I1 residual errors could still remain.080
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Figure 2. Comparison of experimental data to 0
calculations based on (a) the 1986
HITRAN compilation and (b) the -05 - .
parameters derived here. 0 0.5 1.0 1.5 2.0

Over a portion of this region, andin, Line Strength (CM, I ol m
2  

X 102
3

Chevillard, Flaud, and Camy-Peyret also Figure 4. Observed line strength differences
extracted line parameters from the same data. (this work - reference 3)
In their extractions they used equivalent
vidth and curve of growth approaches when the Comparisons of Para--.ers with Slant Path
'ito; were sufficiently isolated and peak Data
absorption when the lines were influenced by
neighboring lines. Comparisons of our The new parameters were also tested to
parameters to theirs, as shown in figures 3 determine how well they could predict general
and 4, indicated very good agreement for all slant path atmospheric spectra. To this end,
line positions but demonstrated systematic we compared 'lculated spectra to field data
variations in line strengths. Our values are collected us ; I a system called the Mobile
greater than theirs by typically 5 to 20% Atmospheric Profiling System (MAPS) . This
with the difference increasing monotonically system, developed and operated by OptiMetrics
with line strength. In comparing spectra for the Atmospheric Sci. nces Laboratory at
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White Sands, consists of a 0.8 meter, errors in evidence in figure 6 are probably
computer controlled Coude' telescope coupled due to our lack of knowledge of the self-to-
to a 0.038 cm 1  Fourier transform foreign broadening ratio for the spectral
spectrometer. This system has been used for lines in this region, a parameter being
several years to collect atmospheric investigated in the third phase of this work
transmission spectra using the sun as a but not yet available.
source. To normalize the data, Langley plots
are generated at discrete wavelengths using
data collected over a wide range of airmasses and the spectra collected at different ¢ ' \
air masses are ratioed against one another.

-y ratioing the spectra for two known air
masses a transmission spectrum for the
differential air mass is obtained. This
spectrum is free of instrumental effects and
solar emission/absorption lines but its I 0,
baseline could be in error. The Langleyplots provide, at discrete wavelengths, i0,

absolute transmission reference points which P 0) 1
can then be used to absolutely calibrate the
ratioed spectra. 0 .

Only preliminary comparisons of the new
line parameters with field data have been
made to date. By way of example, we present cid -- . "' ,
here a comparison based on MAPS data 0 ,
collected on 3 May 1989. For this data set a
balloon sounding was performed simultaneously '
and provided an atmospheric profile of
temperature, pressure, and relative humidity Figure 6. Comparison of OMI Parameters to
which could be used for the line-by-line MAPS data
computations. Two data sets from this day,
those collected at zenith angles of 79.45 The full set of strengths, positions, and
degrees and 55.62 degrees, were ratioed self-broadened widths for the spectral lines
against one another to remove instrumental have been put in standard HITRAN form and are
effects and solar features and this ratio available upon request.
represented an equivalent transmission
spectrum for 3.692 air masses. For this Aerosol Absorption and Scatterinq
preliminary comparison, however, no Langley
calibration was used. Figures 5 and 6 show Over the past several years OptiMetrics
computed and observed spectra, for the same has been developing atmospheric aerosol
spectral region as in figure 2, comparing the models under sponsorship from the Atmospheric
measured MAPS spectrum with computations Sciences Laboratory at White Sands. These
based on the 1986 HITRAN compilation and the studies have demonstrated several clear
new parameters derived here. Clearly the new characteristics of aerosols in the New Mexico
parameters have substantially improved the area: 1) The aerosol distributions are
calculational capabilities. The residual clearly bimodal, and 2) the modes of this

distribution consist of an accumulation or
small particle mode arising primarily from

- non-local sources and a coarse or large
Iu DO *,--<--'' '>- ---" - -- ": particle mode arising almost exclusively from

10 '/ i local sources. Based upon the work of
h,, , ,l I' A 1  Pinnick et. al. we have also concluded that0 &) l ' I the two modes have nearly inverse

compositions: the accumulation mode typically
, I' containing 89.5% water soluble, 10% dust-

o2 like, and 0.5% carbon-like particles, the
coarse mode containing 10% water soluble and
90% dust-like particles.

4 'For these modes, the water soluble
components include ammonium sulfate, calcium
sulfate, and terpenes while the dust-like are
made up of quartz, clay, hematite, calcite,
and gypsum. Table 1 shows the typical mix of
these species as used in our White Sands

KVi A M ". 1989 model. For all species in the model, we have
. . .... .used directly the complex refractive index

; data of Shettle and Fenn 5 and have employed
standard Mie calculations to compute

scattering and absorption cross sections.
Figure 5. Comparison of original HITRAN to

MAPS data

727



Table 1. Typical composition of White Sands 10. ................................,....,sured
aerosols inferred from work of 10Model Fit
Pinnick et al.

10' /
w

Accumulation Mode /

Composition E /
Component (by mass) : I0,

Ammonium sulfate (NH4 )2SO4  80%
Calcium sulfate CaSO4 < 5%
Terpenes < 5% 10
Kaolinite A12 Si2 05 (OH)4  10%
Carbonaceous (soot) 0.5% 10-

Coarse Mode 10-1

Quartz Si0 2 30% 104
Kaolinite and related clays 30%
Calcite 10% 10-4 ........ .
Hematite Fe20 3  10% 10- 101 101 0' IV

Gypsum 10% Radius (jim)
Ammonium sulfate (NH4 )2 SO4  10%

-- t,cto

Absorption104'

Based upon approximately ten years of
ground level Knollenberg aerosol spectrometer 104
measurements of particle size distributions,
we have derived typical distributions for the E\ /
White Sands aerosols. These distributions ,7 10
are found to vary by season and with local E
conditions, with the coarse mode being by far
the more variable. Typical ground level size 10"
distribution parameters are shown in table 2
for the spring/summer and fall/winter White __

Sands models. The corresponding size and 10-

absorption/extinction distributions are shown
in figure 7.

I0"'

Table 2. Boundary layer aerosol size 1014 A'

distributions 10- 10"1 101
Particle Radius (Am)

Figure 7. Aerosol number density (above) and
extinction absorption coefficients
(below) as a function of particle
radius.

2 
12

dN N, 1 0(r -1n.) 1 These distributions are fine for horizontal
eop -- !-,- - - I

dr r ri() 2 nil J path applications but for generalized slant
,', paths the vertical variability of the

distributions is necessary. To evaluate the
vertical dependence, the Atmospheric Sciences
Laboratory in conjunction with Sandia
Laboratory flew particle counters and
nephelometers over White Sands in the Sandia

.. Twin Otter aircraft in June, September, and
N, I ,Ml March of 1988 and again in May and July of

.......- 1989. These flights, as shown in figure 8,
Sq ,O4 4 00 clearly indicate a scattering coefficient
F.,0w0 08 o003 (and particle size distribution) which
seS,,lI 2 ,7 0 0 remaines effectively invariant from the

C- M.d. SS 27 8 0 30 : ground through the mixing layer. Above the
mixing layer the scattering then drops off to
another nearly constant level in the
troposphere.
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:;,ASI/Sandia data to develop a White Sands

Tropospheric model which again has a nearly

constant dn/dr up to approximately 10km.
5000 Above 10km we have logarithmically

1 interpolated to the Geophysics Laboratoryj "moderate aged" volcanic model and have used

4000 this model without alteration. An example of, o the full extinction and absorption profiles

for September is shown in figure 9.
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0 coefficient profiles.

caen C ci 1k1 ) As a preliminary test of the validity of
those models, we have compared model
predictions of earth-to-space optical depths

Figue 8 -cttering coefficient profiles to those observed using the MAPS system
obs.,erved on () and 10 February for d is cussed above. In this case, we gathered
(at) motiing and (b) m id-day solar source, transmittance data with an
cond it ions. optical multichannel analyzer (OMA) coupled

to the MAPS telescope. The OMA uses a
tqe have, Mod if jeld Our older aerosol models- holographic grating monochromator with a

tin',j Uli is data and have included content 1024-element, silicon detector array in the
(In/d(r dis;tributions, in the mixing layer and output plane. Data collected with the OMA
il the- t ropos,;phe re. F.or the mixing layer, we was corrected for scattered light and used to

have taken the di ;tribut ion to be the same as generate Langley plots. These plots were
tht.~t meaj:;krred at ground level (1Gm AGI.). -we then used to normalize the data set yielding
ive, heowever, taken the ceiling for this optical depth as a function of air mass.

mixing layer dlistribution to be the maximum Figure 10 shows; comparisons of computed
il(Au1u1d1rY 1i yer heighlt for the dlay. This is- and observed optical depths using three
ttlI~cbcu; thle coa rse mode rema ins wel I UCCOess i ye day's; data from November 1988.
m i x(,( kit to tli he ct ua i boundary layer but as 11wl( compa r i son is s-trikingly good. The

hr. bomid'iry Iiye r deasth is mode djecays; deviation:; seen in the plots for November 15
mnore :;lIow Iy p)Frt,; i!st ingl above the cappi ng ha.ver been clearly identified as interference
:nver!-flon lor, s-ome, time after the boundary f rom high altitude cirrus. This also

ilayer hao,; ri, eded. we have included th is! appeared in the Langley plots as a
decay in our mixingI la)yer model. In the !;iqni ficant deviation from linearity during

rojio-;phoe' we haive empiricallIy modIeled the(- the ( ea rlIy port ion of the day. The mild
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F .... ---~ -disagreements seen at large zenith angle are,
.. uiat'J0I[) at least in part, due to a simplified sec(e)

I dependence assumed in the air mass
I calculations. More rigorous comparisons are

planned for the future.

Conclusions

Both molecular and aerosol models have
been updated for use in evaluating slant path

I/ extinction in the 1.0 to 2.0 gm region. Line
/ strengths, positions, and self-broadened

<. ~widths for use in FASCODE-type calculations

-, - have been derived for 770 H20 lines in the
1.0 to 1.1 pm region and these have been put
in standard HITRAN format. Final line
identifications, isotopic line parameters,
and self-to-foreign broadening ratios are

_ _ _currently being developed. The aerosol

W 10 90 models developed for the Atmospheric Sciences

Zenith Angle Laboratory have been updated using recent
Sandia aircraft data. These models are
distinctly different than those developed

Cf - - earlier and represent a substantial

c. lted OD improvement in our understanding of slant
path profiles for the mixing and tropospheric
layers. Use of these molecular and aerosol
models should substantially improve the
accuracy of slant path transmittance

0t- calculations.
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Abstract

An investigation of the laser induced photodecomposition and graphitization of the
important class of pollutants, polynuclear aromatic hydrocarbons, is reported.

The laser irradiation of the so]i.d samples of pol lutants was performed by means a

Ir.quency quadrupled Nd-Yay laneor. A black powder consist-ing mainly of carbon is formed.
Charjod part.icle; produced in the ]atier pluine were analyzed in a time of flight: mass

[lpoctromvter. The positive and negative ions + formed by irradiating anthracene and
oenzopyrene consist mainly of Cn- , CnH- , Cei- ions. Carbon cluster ions up to very

hiqh m/e 7000 were observed for both positive and negative ions. Irradiation by pulsed
CO., laser produces a wide plume which has been analyzed by OMA system. The strong emission
h1,1- been assigned to excited carbon clusters and to 11 and It

Introduction

It- is wel.l. known that many noxious organic compounds found in ambient particilate
matter originate from anthropogenic sources. The attention in environmental research has
been stressed on polycyclic aromatic hydrocarbons (PAils), which strong carcinogenic
action (1). Recently PAls have been identified in the fly ash from municipal incinerators
toghetor with polychlorodibenzo-p-dioxins (PCDDS) and pol.ychlodibenzofurans (PCDFs) which
are formed by pyrolysin of polychlorobe(n-enes (PCIs ) and Polychl.orophenols (PCPs) (2).
Pt,,4ent experiments (3) performed by irradiating PCBs in liquid phase with excimer lasers
have shown the possibility of a laser induced decomposition. In particular it has been
shown that the absorption of one photon per mol.ecul.e at 248 nm can quantitatively decompose
the PCBs through the IICI elimination and biphenyl bond rupture. Since only one photon is
needed for dissociation also intense UV lamp could be used for the degradation process.

The present work, which is part of an experimental study on identification and
degradation of organic poll utants in progress in our laboratory, concerns the laser
ablation and graphitization of some aromatic condensed ring hydrocarbons PAlls. The aim of
the study is to obtain informations on the mechanism of the reactions which result in
degradation and ionic clust-er formation.

The PAIls studied are anthracene, benzoanthracene, benzopyrene and chrysene.

Experimental.

Tlhe( ablative photodecompositlon of these organic materials has been performed with
both a pulsed TEA CO laser and a frequency quadrupled Nd-Yag laser.

Ablation by a C6 2 operating on the 10 P20 and having a -90 sec, was performed by
mounting a so] id target in a stainless steel vacuum chamber equipped with a window such
that the targot pv1 let can be irradiated at normal incidence (Fig. 1). Irradiation "s
aerjmp, I I ried u I nrj beam enrg len of about 300 in] focussed to 1 mm dilameter spot. The
ab)ated materia| originaLtes a luminous plume of I cm height emission has been col lectc{d
and qualitl Ivey analyzed an a function of wave I cnght. After laner ablation the solid
furrmod on a nubst rate in front. of the plume was analyzed by ESCA.

Ions resulting from the ablation process by means of the Nd Yag laser were analyzed
by time of flight mass spectrometer. Both positive and negative ions have been detectc-d
an- mass analyze(]. fhe ent ire assembly is incorporated in a commercial laner Microprobe
Mars Analyzer (I,AMMA 500 Leybold). The experimentl] procedure lhas been previously descrbod
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Fig. 3: OMA spectral analysis of the plume from anthracene.
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Abstract

High peak-power picosecond laser pulses have been used to effect non-resonant or resonant multiphoton ionization
(MPI) of atomic and molecular clusters. The clusters were produced in a free-jet expansion from a nozzle source, and
the photoions produced by MPI were detected and characterized by time-of-flight mass spectroscopy. We discuss the
observation of the cluster series Xe*,-9 , Ar,-NO, NO-S and Ar,-,1l. Previous MPI studies of the latter two species
have not been successful, presumably due to the existence of fast dissociation channels. It is proposed that the present
technique is a new and rather general ionization source for cluster studies that is complimentary to electron impact
and that may also provide unique spectroscopic or dynamical information.

Introduction

Multiphoton ionization (MPI) spectroscopy is an established and frequently employed technique for detecting and
analyzing van der Waals molecules and larger clusters. MPI spectroscopy provides excellent detection sensitivity,
moderately high resolution, and detection selectivity among cluster species. However, the technique is limited in
application by its tendency to produce extensive fragmentation. Fragmentation is also a problem with other ionization
techniques (e.g., electron impact ionization), but the intense laser beams required for MPI cause additional dissociation
channels to become available. These channels include absorption of additional photons by parent ions ("ion ladder"
mechanism), absorption of additional photons by fragment ions ("ladder switching" mechanism), and resonances with
dissociative states in the neutral manifold. The existence of these dissociation channels can preclude the use of MPI
spectroscopy in many situations.

Recent MPI studies of stable molecules using picosecond lasers (pulse durations on the order of 10 ps) have
indicated that limitations due to fragmentation might be subdued. With picosecond lasers, dissociation mechanisms
can be altered and in some cases fragmentation can be eliminated or reduced. Additional photon absorption competes
effectively with dissociation channels when a very short laser pulse or, perhaps more importantly, a sufficiently high
peak-power is used. In the case where ionic absorption and fragmentation occurs, it has been shown that picosecond
MPI might favor the ion ladder mechanism rather than the ladder switching mechanism.' Larciprete and Stuke2 have
presented the argument that ionic fragmentation can be greatly reduced or even eliminated with the use of short laser
pulses. Finally, two-color pump-probe experiments using picosecond lasers can, in principal, provide direct
measurements of dissociation rates.

In an effort to extend the application of MPI spectroscopy to the study of weakly bound systems, we have
undertaken a systematic investigation of picosecond MPI in van der Waals molecules and clusters. We present here
results of picosecond multiphoton ionization of rare gases, nitric oxide, nitric oxide-rare gas, and iodine-rare gas clusters.
Previous MPI studies using nanosecond lasers have not detected the (NO). or the Ar.I 2 cluster series, presumably
because of fast dissociation channels. The use of high peak-power allows resonant and non-resonant photon absorption
to the ionization limit to compete effectively with fast dissociative processes.

*Research sponsored by the Office of Health and Environmental Research, U.S. Department of Energy, under
contract DE-AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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Experiment

The apparatus and method used for the present MPI studies was similar to that used for previous MPI experiments
in our laboratory,3 the principal difference being the use of a picosecond laser system. The apparatus is shown
schematically in Fig. 1. Atomic or molecular clusters were produced in a supersonic expansion from the pulsed valve
source and were directed into the extraction region of a time-of-flight mass spectrometer. Monomers and clusters in
the jet were ionized by the tightly focused laser beam, and the photoions thus produced were detected by the
spectrometer.

The pulsed nozzle source' was operated with a 0.5-mm diameter aperture, and backing pressures of several
atmospheres were typically used. The distance from the nozzle aperture to the ionization region was approximately
17 cm. The laser beam propagation was orthogonal to the flow of the supersonic jet and the beam was focused into
the interaction region with a 50-mm-focal-length singlet lens. The laser and the pulsed valve were operated at 10
pulses per second, and to optimize cluster detection the firing of the laser was delayed so that the laser pulse was
incident on the early portion of the jet. The spectrometer design is after that of Wiley and McLaren, s and its mass
resolution (m/Am) is about 60 in the range 1-2500 amu. After each laser pulse a distribution of masses was detected
by a dual channel-plate multiplier in the spectrometer. The analog output from the multiplier was amplified and
subsequently sampled by a digitizing oscilloscope. The signal-to-noise ratio was improved by averaging spectra from
about 100 consecutive laser shots. The nozzle, TOF spectrometer assembly and focusing lens were mounted within
a vacuum chamber that was evacuated to 1O.7 Torr.

The laser system consisted of a dual-operational-mode Nd:YAG laser, an H2 Raman cell and a short-cavity dye
laser. The Nd:YAG delivered 1.2 J in a 10-ns pulse (Q-switched operation) or 75 mJ in a 20-ps pulse (mode-locked
operation) at the 1064-nm fundamental wavelength. The second, third or fourth harmonic (532, 355 or 266 nm) of
the fundamental and corresponding Raman-shifted wavelengths were available in either operational mode. The dye
laser was pumped with the second-harmonic picosecond output from Nd:YAG laser, and it provided 10-ps pulses of
red light in the region 585-610 nm. This output was extended to the region 293-305 nm by frequency doubling. The
peak power as a function of wavelength was calculated to be approximately 214, 71 and 28 TW/cm' for the 532, 355
and 266 nm picosecond outputs, respectively, of the Nd:YAG laser. The calculated output for the dye laser at 590
and 295 nm was approximately 45 and 4.5 TW/cm2 . These calculations were based on the assumption that the laser
beam had a Gaussian spatial profile, was a diffraction-limited beam and was focused with an aberration-free lens. The
actual peak powers were unknown, but they were probably one order of magnitude less.

GAS

CHANNLPL- PULSED NOZZLE
cHANNELPIATE

V)
z

_V 

0

TO MS LASER BEAM'

DIFUSION 4 14 24

(LNeBAFFLE) TIME OF FLIGHT (/s)

Fig. 1. Schematic diagram of the apparatus used for MPI Fig. 2. Time-of-flight mass spectrum of Xe+ clusters
studies of atomic and molecular clusters, following picosecond MPI at 266 nm.
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Results and Discussion

Xenon

Electron impact ionization studies of rare-gas clusters have detected extensive cluster series, but resonant MPI using
nanosecond lasers has yielded only rare-gas monomers and dimers. (Nonresonant MPI at 266 nm, however, has yielded
an extended series of clusters.') In contrast to the results of the nanosecond MPI studies, we have observed Ar*-2,
Kr*., and Xc-,, ions using nonresonant MPI with our picosecond laser. For example, with 266-nm picosecond light
we have obsCrved cluster ions as large as Xe,, as shown in Fig. 2. Once formed, rare-gas cluster ions are known to
be stable, but the relative ease of using high-order nonresonant MPI to observe clusters is rather remarkable since the
high laser intensity (-10"2 W/cm2) might be expected to completely dissociate the ions. These r.sults belie the
conventional wisdom that MPI of "fragile" species must be performed with the least possible number of photons and,
if po)ssible, by ionizing the molecule to just above the ionization threshold.

Nitric oxide in argon

Nitric oxide and (NO)n van der Waals molecules have been the
subjects of numerous spectroscopic studies because NO plays a 15

prominent role in the chemistry of the upper atmosphere. Although
NO dimers and rare gas-NO clusters are readily formed in a free jet
expansion, nanosecond MPI experiments with these species have failed
to detect the (NO)* parent. ' This failure to detect the dimer ion
can be attributed to the presence of dissociative states in the (NO)2 10

and (NO)* manifolds; the only known excited state of the neutral No
dimer very rapidly dissociates' and the dimer ion is readily 1 - 6.7_ e

photodissociated by visible light."0  
->.73_ .v

Both picosecond and nanosecond lasers have been used at several c
2

n

wavelengths to effect MPI in an supersonic expansion of a NO/Ar gas A.No.NO
mixture. These results will be discussed in detail in the next two A

sections. Figure 3 shows an energy level diagram that details the
relevant electronic states of nitric oxide and the range of continuous
absorptions for the dimer and its ion. For many of the wavelengths
to be discussed later, arrows indicate the multiphoton steps leading to I
ionization. The corresponding energy levels and ionization potential
for ArNO are not shown but are only slightly perturbed from those NO (NO12
of NO on the scale of the figure. (For instance, the ionization Fig. 3. Energy level diagram for NO and
potential of ArNO is 9.148 eV.) (NO), showing the various MPI schemes

discussed in the text.

Visible and near-ultraviolet MPI The results of MPI of a 5% NO/Ar mixture by 10-ps dye laser pulses are shown
in Figs. 4(a) and 4(b). The results at the two wavelengths are quite different. Five-photon MPI using red light results
in ionization of the series of argon-nitric oxide van der Waals molecules to yield Ar,.,NO . As can be seen in Fig. 3,
MPI with 590-nm light is nonresonant for NO itself, but the three-photon level falls to the red of the C2fl state," where
ArNO spectra have been observed previously."8 However, the lowest-energy ArNO vibronic excitation occurs at 52038
cm', and the three-photon virtual level lies 1190 cm' to the red at 50847 cm'. Unfortunately, the output of the dye
laser did not extend to wavelengths shorter than about 585 nm, which is not sufficient to reach resonance. Figure 4(b)
shows the TOF mass spectrum of the same NO/Ar expansion after MPI with 295-nm light. In this experiment (NO)*_
ions were readily observed and ArNO* ions were observed only very weakly or not at all. Inspection of the energy
level diagram shows that none of the virtual states of the three-photon MPI fall within the dissociative bands of the
neutral or ionic dimer. Furthermore, 295-nm light does not photodissociate the (NO)* ion. This is consistent with
a previous report2 that (NO)* ions were stable with respect to nitrogen laser photolysis at 337.1 nm. The absence of
the ArNO at this wavelength is probably due to predissociation at the two-photon level. Although nothing is known
of ArNO states at this energy, the lower lying D2XZ and E'Z" states" of the complex are thought to predissociate.
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Fig. 4. Time-of-flight mass spectra of Ar.NO and Fig. 5. Time-of-flight mass spectra of (NO)+a
(NO)+ following picosecond MPI with (a) 590-nm following (a) nanosecond and (b) picosecond MPI
and (b) 295-nm light and under identical molecular with 266-nm pulses.
beam conditions.

Ultraviolet MPI Multiphoton ionization results for the NO/Ar mixture were obtained in the region -200-300 nm
using the 266-nm output of the Nd:YAG laser or several longer (Stokes) or shorter (anti-Stokes) wavelengths produced
oy Raman-shifting in H, gas. The laser was operated in both picosecond and nanosecond modes at these wavelengths.
The 266-nm results are shown in Fig. 5(a) for a 10-ns pulse length and in Fig. 5(b) for a 20-ps pulse length. The
nozzle jet parameters, focal length, and mass spectrometer extraction and acceleration fields were kept the same for
the two cases. The beam path and hence the focal spot could not be maintained while converting the operational
mode of the laser, and the focal spot therefore was adjusted to give the same time-of-flight for the NO* ions in both
experiments. As shown in Fig. 3, MPI at 266 nm is a nonresonant two-photon process for both the NO monomer and
NO dimer. Furthermore, the photodissociation cross section of the ion must be low at this wavelength, and
consequently this is an iceal wavelength for characterizing the (NO), clusters. Figure 5(b) shows that clusters up to
(NO), are present in the expansion. Under these conditions of nonresonant MPI there is no fundamental difference
between the use of nanosecond and picosecond lasers. As with any multiphoton process, higher peak-power increases
the ionization rate until saturation is achieved. At 266 nm, the 20-ps pulse (4-mJ er,'-rgy) gives a peak power
approximately 100 times higher than the 10-ns pulse (18-mJ energy). The picosecond results indicate that some
saturation occurred, because the integrated intensity of the dimer signal relative to the monomer signal is approximately
16%, a percentage that is two to three times larger than the concentration in the beam. In the nanosecond results,
the relative intensities of the dimer and monomer signals is about 5%, a value that is more comparable to those in the
literature.
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By Raman-shifting the 266-nm output of the Nd:YAG laser, it
was possible to investigate MPI at two Stokes and three anti-
Stokes wavckcagths. The Stokes lines at 299.0 nm and 341.5 nm
give results not too different from those of the 295-nm excitation.
In both cases the dissociative neutral and ion resonances are
avoided and dimers are observed with the picosecond laser, but (a)
only weakly or not at all with the nanosecond laser. Note that at
these wavelengths three photons are required for ionization.

In contrast, the 266-nm, 239.5-nm, 217.8-nm and 199.8-nm anti-
Stokes excitations require only two photons to ionize, and the first
photon is resonant or near-resonant with the dissociative B, state
of (NO)2 in each case. Picosecond MPI results at the first anti-
Stokes line (239.5 nm) exhibited an anomalously intense dimer
signal (dimer to monomer signal ratio -12%). The saturation
argument, which was invoked for the 266-nm results and was based 14"

on the use of high peak-power, cannot be supported in this case. "
MPI at 266 nm (I-mJ pulse energy) yielded a signal ratio of -8%,
a reasonable estimate of the dimer to monomer ration, while MPI
at 239.5 nm was accomplished with considerably less peak power (b) ( 1,o,

(< 0.25-mJ pulse energy). Hence the large dimer signal probably
indicates a resonance effect. On the other hand, the nanosecond (NO)*

results yielded a smaller dimer signal at 239.5 nm than at 266 nm,
indicating that the resonance is predissociative in nature and that
at the lower peak-power of nanosecond MPI the ionization cannot
compete with the predissociation.

The second anti-Stokes line at 217.8 nm falls in the dissociative
resonance of the NO dimer, and the shortened photodissociation NO*

lifetime thus offsets the resonance effect. At this wavelength no .....
dimer signal is observed in the nanosecond experiments, while '" "E O G " "W)
(NO) 2 and (NO)* are produced in the picosecond experiments.
These results are shown in Fig. 6, and they dramatically illustrate
the advantage of high-peak-power MPI. Fig. 6. Time-of-flight mass spectra of (NO)*

The third anti-Stokes line at 199.8 nm yielded results similar to following (a) nanosecond and (b) picosecond MPI
that at 266 nm, and the results presumably reflect nonresonant with 266-nm pulses.
two-photon absorption.

Iodine-rare gas complexes

Figure 7 shows the TOF spectrum following MPI at 532 nm of A Ar_,"

species formed in an expansion of an I/Ar mixture. The ion Ar," Ar-,

clusters observed are the Ar.I series rather than the Arjl series. ArA

This observation of the daughter ion series is consistent with the
very efficient one-photon photodissociation of uncomplexed 1*, 2
but the fragmentation might also be occurring via so-called "half- -

collisions.""' The chemi-ionization reaction 0 Ar3 '

Ar" + 1,- ArIV + , (1)
which has been previously observed," occurs via a transition state
Ar. 1I. This same transition complex can be achieved by exciting
the Arl, van der Waals molecule to an autoionizing state from 5 . . ................. 2o 25
which dissociative ionization occurs to ArI* + I. Likewise, TIME or FLIGHT (,u)
intracluster ion-molecule reactions" analogous to

1 + M - IM+ + I or M* + 12 - IM + I, (2) Fig. 7. Time-of-flight mass spectrum of Ar0l
where M is a rare-gas atom, could also be responsible for our clusters following picosecond MPl with 532-nm

observation. Experiments to be performed will use intermediate light.

resonances to produce localized excitation or ionization in either
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the rare gas or iodine part of the van der Waals complex.

Conclusions

We have used high-peak-power lasers (with both nanosecond and picosecond pulses) to effect multiphoton
ionization of Xe0 , (NO)., ArNO and Ar.12 clusters. This technique is a versatile and rather general means of
detecting and studying cluster distributions. In contrast to resonant MPI, no knowledge of intermediate states is
required, and laser mass spectrometry using such high-power lasers might constitute a near "universal" detector of
atomic and molecular species.

Although this technique is more complex and more expensive than the traditional electron impact source, it has
some unique advantages. MPI discriminates between atoms and molecules with high and low ionization potentials (IP);
an additional photon is usually required for ionization of systems with high IP's. An n'-order MPI process usually has
an ionization cross section several orders of magnitude larger than that for an (n+ I "-order process. Typical expansion
gases such as He, Ar or N2 all have high IP's and thus would appear much less prominently (if at all) in the MPI mass
spectrum. The spectrum of the dopant and its clusters would then be less congested. Furthermore, space-charge
problems are also reduced if the most abundant species are not ionized. Since clusters usually have IP's smaller than
monomers, a judicious choice of wavelength for MPI could allow discrimination against the monomer while efficiently
ionizing the clusters. For instance, the IP of (NO), is 0.528 eV less than that of uncomplexed NO, and the use of a
laser wavelength between 285 and 267 nm would require two-photon ionization of (NO), clusters as opposed to three-
photon ionization of the NO monomer.

There are several notable disadvantages to the high-power resonant MPI technique. A major disadvantage of all
multiphoton techniques is that photon absorption does not necessarily stop after ionization. Absorption of additional
photons in either the neutral or ion manifold can lead to fragmentation. High-peak-power lasers are certainly more
likely to lead to such problems. In this respect, the picosecond laser may have an advantage over a nanosecond laser
of equivalent power. The absorption of an extra photon can possibly lead to different results in the two situations.'
A final potential disadvantage of MPI techniques, which is exacerbated with high power and short pulses, is the space-
charge degradation of the mass resolution. Tightly focused laser pulses of short duration can, in principle, improve
TOF resolution provided only a few ions are created. At higher ion densities, however, space-charge effects tend to
broaden the mass peaks.

In summary, nonresonant MPI is an important adjunct to both resonant laser ionization and electron impact
ionization for the characterization of molecular beams. Additional details on the present work are ave given
elsewhere. "6
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Since Its first demonstration over 25 years ago, the thermal lens effect has received
much attention due to its unique capabilities, particularly with respect to the measurement
of weakly absorbing systems. Several reports have shown that absorbance detectabilities at
the 2 x 10

- 7  
cm

- 1  
level are possible with thermal lens spectroscopy (TLS). This same detec-

tability can be maintained In TLS even in the presence of a background signal which Is
several orders-of-magnitude larger. To make sensitive measurements under such limiting
conditions, a differential thermal lens spectrometer has been designed and evaluated which
Is based on the oblique crossing of separate pump and probe beams. This experimental con-
figuration uses the differential response of the thermal lens to compensate for intensity
instabilities in the pump source while at the same time the intrinsic sensitivity of pho-
tothermal measurements Is maintained. The theory describing the thermal lens signal ob-
served with this experimental configuration will be developed and experimentally verified.
Applications will be described which depend upon the unique capabilities of this TLS system
to make direct, optically encoded differential measurements. Such measurements can be used
to minimize background contributions in experimentally demanding situations.

Introduction

In many measurement situations the background is an active participant in the measure-
ment process providing a signal which can be substantial compared to the analytical signal.
This background will eventually limit the scope of the measurement. Techniques which are
applicable to such background limited situations must be capable of maintaining high
instrumental sensitivity while at the same time they must possess some mechanism for mini-
mizing the influence of the background signal on the signal-to-noise ratio (SNR) of the
system. Spectroscopic techniques which fulfill these stringent requirements are rare and
thus there is an urgent need to develop new analytical techniques which can function in
background limited situations.

Photothermal spectroscopic techniques measure the amount of light absorbed by a sample
via the heat deposited during the absorption process. These techniques have been widely
studied due to their demonstrated ability to provide absorbance detectabilities at the
microabsorbance level, or below. This is two orders-of-magnitude lower than measurable by
c-onventional approaches. One of the principal applications of photothermal spectroscopy has
been in the field of chemical analysis, particularly when the compounds under study are
present at trace levels. For example, photothermal measurements have been successfully
applied to such diverse areas as kinetic studies,

1  
two-photon excitation measurements,

2

densitometric analysis of thin-layer chromatographic plates,
3  

and for detection in high
performance liquid chromatography (HPLC).

4
,
5

In thermal lens spectroscopy (TLS), the gausslan Intensity distribution of a TEM0 0  laser
is used to create a gaussian-distributed absorption profile In the system under study.
Providing that nonradiative processes dominate over radiative ones, this gaussian-
distributed absorption profile will induce a similar refractive index gradient. This
refractive index gradient can then act as an optical element to alter the focal properties
of a probe laser. Thus, by measuring the strength of the thermal lens one can determine the
magnitude of the sample absorption. TLS has been shown to be an extremely sensitive spec-
troscopic technique, however, its use has only been demonstrated in situations where the
background signal is small or absent.

The positional dependence of the thermal lens
6  

makes TLS particularly amenable to
absorption measurements in background limited situations. This positional dependence is
schematically depicted in Fig. 1. For materials that expand upon heating the photothermal
process will create a diverging lens in the absorbing sample. This diverging lens can alter
the focal properties of a probe laser, however, the magnitude and sign of the effect will
depend on the position of the thermal lens relative to the focus of the probe. In the top
portion of Fig. 1, a diverging lens located after the focal point will cause in Increase in
the far field beam size of the probe laser. Thus the beam will become less converged
reflecting a shortening In Its focal point. However, as depicted In the lower portion of
the figure, if a thermal lens of the same strength Is located an equivalent distance before
the probe focus, the measured far field beam size will be decreased due to the greater con-
vergence of the probe caused by the diverging thermal lens. In effect, this positional
dependence gives rise to a differential response which can be used to minimize, or elimi-
nate the Influence of the background signal on the absorption measurement.

This communication will describe the key experimental parameters which must be con-
trolled in order to successfully apply TLS under conditions of high background absorbance.
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The optimized spectrometer will be used to detect nonabsorbing species separated by HPLC

using a highly absorbing mobile phase.

-Z1 Zi Z2

Fig. 1. Positional dependence of the thermal lens. Top; a diverging lens placed after the

probe laser focus will shorten the focal point creating greater divergence. Bottom;

a diverging lens placed before the focus will lengthen the focal point creating

greater convergence.

Experimental

The optical configuration for the differential thermal lens spectrometer has been

described in detail elsewhere
7 

,o and is schematically represented in Fig. 2. The system was

constructed on a 4 x 6 foot x 2.25 inch optical breadboard (Newport Corp., Fountain Valley,

CA, Model XS46). The probe optics consisted of a 1-mW helium-neon laser (Uniphase,

Sunnyvale, CA, Model 1101), modulated at 500 Hz by a variable speed, frequency stabilized

S CH

HeNe ,-- l '

LPL
<>PL<>

R BS

Fig. 2. Experimental arrangement of the differential TL spectrometer. AR, argon Ion laser;

R, 1/2 wave Fresnel rhomb; BS, polarizatIon beam splitter; PL, matched 25 cm focal

length lenses for the pump beams; C1, C2, 5 liL sample cel Is; HeNe, helium neon

probe laser; CH, chopper; L, 30 cm focal length lens for the probe; M, mirror; a,

detector aperture; PD, photodiode; LI, lock-in amplifier; PC, microcomputer; SC,

strip chart recorder; LC, syringe pump; C, HPLC column. From ref. 7.
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chopper (Stanford Research Systems, Palo Alto, CA, Model SR540) and focused with a 30 cm
focal length lens. The 5 IL sample cells were constructed in-house from 6.2 mm aluminum
stock and positioned at ±31/2 of the Rayleigh range of the probe laser, The signal was
determined by measuring the amount of light passing a 0.02 in. diameter aperture with a
silicon photodiode (Hamamatsu Corp., Middlesex, NJ, Model S1790-04). The photodiode was
reverse biased at 30 V through a 50 ohm resistor. The output of the photodlode was sent to
a !ock-in amplifier (Sta..rd Research Systems, ?%lo Ai to, Ck. Model SR510), the output of
which was sent to a PC via an IEEE-488 interface card (Nationl Instruments, Austin, TX,
Model PC-2A) for data collection and analysis.

The pump beams were derived from an argon ion laser (Lexel, Palo Alto, CA, Model 85.5)
operating at 514.5 nm. A 1/4 wave Fresnel rhomb (Karl Lambrecht, Chicago, IL, Model
MFR-02-13-580) and polarizing beam splitter (Karl Lambrecht, MGLA-SW-10) were used to pro-
vide two pump beams of equal magnitude. The pump beams, consisting of 35 mW each were then
focused into the individual detection cells with a 25 cm focal length lens.

The chromatographic system was conventional consisting of a syringe pump (ISCO, Lincoln,

NE, Model LC 5000), an injector with a 20 lL sample loop (Rheodyne, Berkeley, CA, Model
7010) and a 25 cm x 4.6 mm i.d. C-18 separation column (Alltech Associates, Deerfield, IL).
The two detection cells were connected in series by a length of 0.03 In. tubing having a

total volume of 300 4L which was approximately one-half of the chromatographic peak volume.
The eluent was a 95:5 mixture of acetonitrile and 0.3 M phosphoric acid which was degassed
under vacuum by ultrasonic agitation prior to use. "PontacylO Carmine 2B (Dupont,
Wilmington, DE) was added to the eluent until its absorbance measured 1.3 x 10-2 cm

- 1
. The

absorptivi ty of this addit ive was determined to be 27.0 L g-1 cm- at 514.5 nm. Fatty acid
standards (decanoic, lauric and myr istic) were obtained from Aldrich (Milwaukee, WI) and

used without further purification.
The effluent from the chromatographic column entered each detection cell sequentially. A

running integration was then performed on the baseline adjusted data obtained from the
lock-in detection system.9,11

U

Results and Discussion

In the TL system used for these studies the pump and probe beams are crossed at an
oblique angle In the detection cells. This approach allows the interaction path to be
varied to compensate for the effect of large backgrounds. Without any limiting assumptions
concerning the relative sizes of the pump and probe beams, and by using the conventional
definition

11  
of Al/I, where I is the intensity passing the aperture, the observed TL signal

can be described by Eq. 1.

Al/I = [1/f(_)2 [Zc 2  + z1 2 - 2Z, /f(_)] . [1 - exp(-2We
2 
/wp

2 )] (1)

Here, Z1  refers to the distance between the probe waist and the cell, Zc is the confocal
parameter of the probe, f(-) is the focal length of the steady state thermal lens, and

e andWp are the pump and probe beam sizes, respectively, in the sample. Substituting for
f(-),l and assuming that the focal length is sufficiently long to ensure that the
quadratic term can be ignored, gives

Al/ I = [-4.606Z1 Pe(dn/dT)A/n kwe
2 
] [1 - exp(-2we

2 
/wp

2 ) ] (2)

In this equation, k is the thermal conductivity In units of W cm
- 1  

K-
1 
, we and Wp are the

sizes of the pump and probe beams at the cell, Pe is the pump source power In MW, dn/dT is
the change in refractive index of the solvent with respect to temperature change (K-

1
),

and A is the Beers law absorbance of the solution. The pump laser power, concentration and
interaction length dependence predicted by Eq. 2 have been experimentally studied. Plots
for each of the three experimental variables versus differential TL signal are linear

thereby establishing the validity of the procedures used to derive Eq. 2.
The theory used to derive Eq. 2 assumed that the probe laser profile maintained Its

gaussian characteristics after interaction with the pump field. This assu.nption might be
expected to be suspect for the case described herein where the pump and probe beams are
obliquely crossed. To test this possibility, the three dimensional intensity profile of the
probe field was measured during pumping and fit to a gaussian. Although some perturbation

was observed in the profile taken as a whole, for the region interrogated by the aperture,
both the converged and diverged beams exhibited gaussian characteristics which were as good
as the nonperturbed probe beam profile. This validates the assumptions inherent In the
theoretical analysis leading to Eq. 2.

As discussed previously, techniques which are amenable to background limited situations
must be capable of minimizing the Influence of the background on the SNR. The coincident
sampling capability of the differential TL measurement can reduce the thermal noise gener-
ated by the pump beams. This noise will be primarily of three types: both low and high
frequency intensity fluctuations, and pointing variations. Pointing variations have only a
minimal effect on this design since the two pump beams are focused into the detection cell.
The high frequency components that occur on a time scale much shorter t1an the time
response of the thermal lens cannot Impart any thermal noise to the system that would per-
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turb the probe. The final noise contribution which must be considered are those intensity
fluctuations which occur on a time scale slower than the TL time constant. Although this
contribution would be negligible under normal conditions, In the presence of a large

background, these fluctuations will cause a change In the magnitude of the lens created in
each cell. However, because both pump beams are derived from the same laser, the noise
present on one will simultaneously be present on the other. With the differential TL

arrangement, both cells will be affected equally with the result that there will be no
change in the far field beam profi ie thereby reducing the affect of ttiis noise source on
the measurement.

The need for this type of optical noise subtraction Is dramatically Illustrated by con-
sidering the noise that would be observed in a single beam TL system under conditions where
the background absorbance is large (>10-2 cm- 

1
). It can be shown that the noise registered

at the photodiode (ATp) due to intensity fluctuations in the probe laser Is given by

ATp = APp2a 2
/,f

2  
(3)

where a is the aperture radius, APp is the change in probe intensity, and wf is the probe
beam radius measured at the aperture. From Eq. 2, the noise in the TL signal induced by

pump field power fluctuations (ATTL) is

ATTL = LPe[9.212Ppa
2
Z2 2 (dn/dT)A]ZcTkwf

4
. (4)

In Eq. 4, APe is the change in pump laser power and all other terms are as defined
previously. Taking the ratio of Eq. 3 to Eq. 4, and substituting typical values for the

experimental constants yields

ATp/ATTL = [0.20/A][APp/APTL]. (5)

Assuming that probe stabilities of 1 part in 104 can be achieved with modulation and phase
sensitive detection, and operating under conditions where a background absorbance of

0.015 cm
- 1  

is present, Eq. 5 shows that the pump laser fluctuations would only have to be
5 x 10

- 3  
% on a 30 mW beam to cause a TL noise greater than the probe noise. Since most cw

lasers offer inherent intensity stabi I It ies at the 0.01% level, or above, the differential

arrangement will be required to eliminate the pump laser induced noise. This is universally
true in any TL measurement made under conditions of large background absorbances.

This result was experimientally verified by imposing a 9 mW, 5 s intensity variation upon

each of the pump fields while a flowing solution with an absorbance of 0.01 cm
-  

was moni-
tored. The intensity variation was created using an acousto-optic modulator placed in the

pump laser optical path. The signal obtained from the detection system is plotted in Fig.
3. The top and bottom entries of Fig. 3 show the effect of this intensity variation on a
single beam TL measurement. As predicted, the signals resulting from opti cal pumping of the
cells reflected this intensity noise in that they varied by approximately 25%. The middle
entry shows the effect of this intensity variation when both detection cells are simultane-

ously pumped in the differential mode. Even with the added 25% intensity fluctuation, the
peak-to-peak noise is only a factor of three larger with the differential TL system than
that measured with no added pump noise. This i I lustrat es the capability of this experimen-

tal arrangement to minimize the influence of pump laser noise.
Most detection systems are designed to operate in a direct mode in that they respond to

a property of the analyte under study. In comparison, indirect methods of detection respond
to a property of the bulk matrix and the analyte is detected as a decrease in the measured
signal as it displaces some of the matrix in the detection volume. For example, in indirect
pi.ntometric detection, an absorbing species is added to the chromatographic mobile phase
and molecules which are transparent at the probing wavelength are detected as a decrease in
the measured absorbance as they elute from the chromatographic column. This procedure con-
verts a very selective detection scheme (absorbance) into a universally responding one.
This is very useful since many of the detection problems of current interest In the fields

of materials science, biotechnology or biochemistry involve molecules that do not possess
easily accessible chromophores, or they possess chromophores with weak absorption cross-

se c t I on s.
The key to the success of an indirect detection scheme is the dynamic reserve (DR) of

the instrumental system. Dfnamic reserve is defined as the ratio of the background signal
to the minimum change in signal which is measurable under these conditions. For conven-
tional HPLC absorbance detectors, backgrounds of approximately 0.5 absorbance units (AU)

can be tolerated while sti I maintaining a detectability of 5 x 10
- 5  

AU. The DR under such
conditions is 2 x 10

3  
which is not adequate considering the extremely dilute samples used

in modern HPLC. In comparison, it has already been demonstrated that the differential TL

system can tolerate back round levels of 0.5 AU while still maintaining an absorbance
detectability of 2 x 10-" AU. Thus DR's in excess of 2 x 10

5  
are possible suggesting that

TL detection appears feasible In an indirect mode. This would be accomplished by adding an

absorbing additive (i.e. absorbing at the laser wavelength) to the mobile phase and
detecting transparent materials (i.e. transparent at the laser wavelength) as a decrease in

the TL measured absorbance as they elute. This decrease is a result of the replacement of
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Fig. 3. Reduction In measured noise due to the differential response. A and C, signal
observed when adding a 9 mW intensity fluctuation on a 36 mW pump beam over a 5 s
interval, In cells one, and two, respectively; B, differential response observed
when optically pumping both cells simultaneously under the same conditions listed
above. From ref. 8.

the absorbing additive species in the probe volume by a nonabsorbing molecule. The advan-
tages of this approach are significant in that the high sensitivity is maintained with the
differential TL system even In the presence of a large background, while the use of a laser
to monitor this indirect TL effect will permit extremely small volumes to be probed, thus
making this technique amenable to the very latest developments in microcolumn technology.

Fig. 4 Is the response observed with the differential TL system resulting from the
injection of decanoic acid into a flowing solvent stream made absorbing by the addition of
carminic acid. To assure that both detection cells contain Identical solutions at all
t.imes, and to assure that they will simultaneously experience Identical pressure fluc-
tuations, the two cells are connected in series. Thus the analyte will enter each cell
sequentially. Because the lenses formed in the two cells oppose each other, that is, one
lengthens and one shortens the focus, a derivative-shaped response is observed as the ana-
lyte first replaces the additive in one cell, and then the other. This is evident In part A
of Fig. 4. A real time integration of the differential TL signal provides a conventional,
gaussian-shaped peak (part B). As demonstrated previously,

9  
this mathematical procedure

also provides a substantial improvement In the measured SNR.
The study and analysis of fatty acids are Imoortant because of their critical role in

many biochemical processes. Fatty acids make up a large portion of cellu!ar membranes, they
are an Important energy store when coupled with acetyl-CoA, and they play a key role in the
function, storage and transport of cholesterol. However, the saturated fatty acids do not
show appreciable absorption above 210 nm making their detection difficult. Fig. 5 shows the
chromatogram obtained from the separation and indirect TL detection of three biochemically
Important fatty acids. The top chromatogram is the or gInal signal as measured by the
series cell arrangement, while the bottom is the base Ine-adjusted integrated result.

The response of the detector has been determined to be linear over at least 2 orders-of-
magnitude above the detection limit. The plot of normalized peak height response versus
normalized mass of decanoic acid injected had a slope of 0.98, an intercept of 0.06, and a
correlation coefficient of 0.990 (5 points). The signals measured in several chromatograms
were used to determine an average limit of detection (LOD) of 15 ng detectable In the cell.
In terms of the actual probed volume of 32 nL, the amount of decanoic acid detectable in
the detection volume at the detection limit is 90 pg. It Is also Important to note that the
ratio of the peak areas for the three different fatty acids correspcnds exactly, within
Injection reproducibility, to the ratio of the amount of material I njected. This result Is
expected if the signal arises only from the dilution of the visualization reagent. The
response of this detection scheme Is not dependent on any physical or chemical property of
the eluent other than Injected mass. This universal response would be quite useful for
quantitative measurements in that a standard response curve for one analyte could be used
for any other analyte detected In a given solvent system. This statement would be valid as
long as the analyte and solvent behave as an Ideal solution.
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Fig. 4. Indirect TL response for 23 g of decanoic acid. Solvent, 95:5 acetonitrile: 0.3 M

phosphoric acid; background absorbance, 1.3 x 10- cm- ; A, differential signal; B,
signal after Integration of the base-line-adjusted data of A.
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Fig. 5. Chromatogram resulting from the Injection of 23 pg of decanoic acid (peak 1), 20 pg

of lauric acid (peak 2), and 20 pg of myristic acid (peak 3). Chromatogram In A Is
the Indirect TL detected signal, and B is the result of Integrating the base-line-
adjusted chromatogram.

In conclusion, the differential TL system described here has been shown to possess
unique capabilities which make It amenable to measurements under background limiting con-
ditions. The large dynamic reserve is a direct result of the differential design and its
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ability to maintain the high sensitivity of the TL experiment while at the same time mini-
mizing the influence of the background on the measurement. As an example, indirect TL
detection Is universally responding and has demonstrated mass detectabilities which are
superior to that obtainable with conventional refractive index detection. Application of
this differential TL system to other background limited measurements (e.g. circular
dichroism spectroscopy) is a logical extension of this work.
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USE OF VARIOUS LASERS FOR SAMPLE INTRODUCTION IN ATOMIC AND MASS SPECTROSCOPY

Joseph Sneddon

Department of Chemistry
University of Lowell

Lowell, Massachusetts 01854

Abstract

An overview of the use and performance of various laser systems used to ablate or vaporize solid
samples for introduction to various atomic and mass spectroscopic systems for subsequent quantitative
metal determination is described.

Introduction

The ability of a laser to ablate or vaporize small masses of solid material was recognized following
the invention of the Ruby laser in the early 1960's. The ablated material will form a plume or plasma at
the solid surface. It is possible to probe this plasma by several analytical techniques or carry this sample
of ablated material to similar or other a analytical techniques. In the second method the laser is simply
being used as an atomizer. In this report the use of a laser to ablate or vaporize small amounts of solid
samples for transport to an atomic and/or mass spectrometer for quantitative determination of the metal
levels in the solid will be described, with partictular focus on the types of laser systems used to achieve
the ablation stage. The various atomic and mass spectrometric systems and the advantages and
disadvantages of laser ablation for sample introduction are described elsewhere,.

Principles of Laser Ablation in Atomic and Mass Spectrosopy

When laser light is absorbed by a solid sample, a variety of heating phenomenon can occur i,.cluding
the heating of the surface, vaporization, dissociation, ionization, and excitation. This will result in a change
in the phases of the solid sample. The exact mechanism is not known but a simplified model has been
postulated 2 in which a portion of the light is transformed into heat energy. The energy level of the
electrons on the surface is raised and transferred to the surrounding surface by electron impact and.
eventually, the electron errupts at a high velocity, leaving a crater on the solid surface. This material is
then transported to the atomic or mass spectroscopy system for analytical detection. A more detailed
description of the individual components of the ablation process are described in an article by Hein and
Piepmeier 3. The use of laser ablation is being primarily used as a sample introduction process in this
work 4-8.

Instrumentation

A description of the various atomic and mass spectroscopic systems and interfaces used is described
elsewhere9 and this report will primarily concentrate on the laser systems used. The laser systems used
and which are capable of use as a sample introduction sytem for atomic and mass spectroscopy as well as
some general operating features are summarized in Table 1.10 Laser systems can have a continuous wave
(CW) or pulsed operation and can be enhanced by Q-switching, mode-locking, and superpulsing.

Parameters Affecting the Laser Ablation Process

Several factors can influence the ablation process of laser light on a solid sample including
properties of the sample (reflectivity of the surface, thermal conductivity of the surface material, heat
capacity, melting and boiling points of the solid sample, and properties of the surrounding
atmosphere[kind and pressure of the gas]) and laser parameters (wavelength of laser light, intensity,
spike number and repetition rate). A discussion of these factors is presented elsewhere' .
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Table 1

Most Widely Used Laser Systems in Laser Ablation-Atomic and Mass Spectroscopy

1. Solid State Nd: YAG at wavelength of 1.06 microns and output of CW (<600W) or pulsed (0.1-
1.0 ms, < 200J)
Nd: Glass at wavelength of 1.06 microns and output pulsed (0.01-1.0 ms, <

100J/200W)
Ruby at wavelength of 694 nm and output pulsed (10 ns to 10 rns, <100 "/!0
W)

2. Excimer : Argon Fluoride at wavelength of 193 nm and output pulsed (5-30 ns, <
500mJ/50W)

Krypton Fluoride at wavelength of 248 nm and output pulsed (2-50 ns, < 1
J/100W)

Xenon Chloride at wavelength of 308 nm and output pulsed (1-80 ns, < 51/150W)
Xenon Fluoride at wavelength of 351 nm and output pulsed (1-30 ns, <
500mJ/30W)

Krypton Chloride at wavelength of 222 nm and output CW or pulsed (1-50 ns, <
4mJ/200mW)

3. D : Excimer, nitrogen, Nd: YAG, and Nd: Glass pumped at wavelengths 300-1000 nm
(tuneable) and output (3-50 ns, 200 mJ/15W)

Flash-lamped pumped at wavlengths 340-940 nm (tuneable) with output CW or
pulsed (0.2-4 microsecond, < 50J/50W)
Ion-pumped at wavelength of 400-1000 nm (tuneable) and output CW (<2 W) or
pulsed (1-10 ps, < 50 mJ)

4. Carbon Dioxide : Sealed at wavlength of 10.6 microns and output CW (<100 W)
Pulsed TEA at vwavlength of 10.6 microns and output (50-100ns, < 150 J)
Waveguide at wavelength of 10.6 microns and output of CW (<50W) or pulsed (5-
50 ns, < 5 mJ)

Note : Other laser systems including single gas, helium based, crystalline, semi-conductor diode, and vapor
have not been widely used or reported for laser ablation-atomic and mass spectroscopy.

Performance of Laser Ablation -Atomic and Mass Spectroscopy

The analytical performance characteristics of laser ablation atomic and mass spectroscopy can be
described, in general, with a reproducibilty of 2-10%, accuracy ±5% and detection limits of around 1 itg/g
for many metals. Of course these analytical figures of merit depend on many factors such as laser system,
sample type, and atomic or mass spectroscopic system. A more detailed description of the analytical
performance is available elsewhere 4-9, 1. The application to real samples has not been widely reported
and Table 2 gives a general survey of laser ablation in atomic spectroscopy.) 1

Table 2

Application of Laser Ablation in Atomic SpectroscopylI

Nonconductive materials, powders and : Rocks/minerals: dolmite, tourmaline, rutil, zircon, argonite,
compact material carbonate, silicate, meteorites

Ores: zinc blend, pyrite, chalcopywrite
Technical products: chemicals, glasses, quartz, semiconductors,

dust, korund, paints, graphite, borax,
ceramics, pigments, tungsten oxide

Conductors : Metals: Cu, Pb, Al, Zr, Mo, Rh, brass, low-alloy steels, nickel and
aluminum alloys, gold

Organic and biological materials : Plastics, nylon, fiber, hair, tissue (brain, pancreas, liver, kidney,
stomach, sperma, teeth, urological stones)
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Conclusion

Laser ablation for sample introduction of solid samples in atomic and mass spectroscopy has
potential for quantitative determination of metals with good analytical characteristics, until the recent
introduction of a commercially available attachment to an inductively coupled plasma-atomic emission
spectrometry (ICP-AES) and inductively coupled plasma-mass spectroscopy (ICP-MS) system by the
Perkin-Elmer Corporation, systems were laboratory constructed. The improved reliablity and lower cost
of laser systems with improved performance suggests that laser ablation-atomic and mass spectroscopy
will continue to mature and be a useful addition to the analytical or industrial chemist who is interested
in the quantitative determination of metals in solid samples.
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LASER OPTOGALVANIC SPECTROSCOPY
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Abstract

Various configurations for laser optogalvanic (LOG) studies are discussed. Emphasis is
placed on pulsed laser optogalvanic spectroscopy of atoms and molecules (Xe, Cs, Ne, 12)
in a radiofrequency discharge. The photoacoustic effect is found to be a major
contributor to the LOG signal. The nature and magnitude of this contribution is assessed.

Introduction

The laser optogalvanic (LOG) effect is the change of the electrical impedance of a
plasma that is p5 oduced by resonant absorption of laser radiation by a constituent species
of the plasma. I -  The LOG effect has been used in a wide variety of sensitive and novel
techniques spanning atomic and molecular spectroscopy, plasma diagnostics,
flame/combustion studies, laser stabilization, and photoacoustic detection.

LOG spectroscopy of atomic and molecular systems has been studied over extended
spectral ranges (UV-IR). However, because of the complexity of plasma and lack of
knowledge about cross-sections, etc., the mechanism of LOG signal generation is
incompletely understood. The requirement of a stable and quiet plasma is also restrictive
in that it limits the range of pressure, electrical power, etc. which can be investigated.

The temporal profile of LOG signals contains considerable mechanistic information.
Unfortunately, only a few time-resolved studies are available. Several phenomenological
models have been proposed but they have had limited success. Of particular concern to
such models is the LOG signal generated by low-energy excitation (rotational, vibrational
or even low-energy electronic) in which the laser-excited upper level is much below
ionization limits.

OC discharges are characterized4 b discrete discharge regions in which both LOG signal
magnitude and polarity may change. Consequently, LOG measurements in such discharges
can be complex, and axial laser excitation, in particular, may produce a type of
"averaged" signal. This sort of arrangement may well provide LOG signals, but it is not
suited to spectroscopic investigations. It is much better to use en rf discharge in a
transverse laser excitation mode. The rf discharge has the advantage of spatial
uniformity (except for a sheoth at the rf electrodes) and it can be used in a
"contactless" manner (i.e., with no metal electrodes inside the discharge tube). CW
lasers may provide better stability and resolution, but short pulse lasers in conjunction
with fast electronics are reqjired for proper study of the transients and dynamical
properties.

Nonetheless, dc discharges can be used for high-speed time-resolved studies if proper
precautions are taken. Since a dc discharge has an inherent negative resistance, it
requires a series resistance larger than a certain minimum value to suppress the plasma
oscillations. Larger value of this resistance will produce a larger LOG signal but, at
the same time, it restricts the time-resolution capability because of the plasma capacity
and inductance. This problem may be circumvented by ehecting the LOG signal across an
additional low resistance in series with the cathode.-I

Pulsed lasers used in conjunction with an rf discharge provide both greater challenge
and pay-off. In particular, such set-ups provide workable alternatives for the study of
corrosive gases. Alternatively, the LOG effect may be used to Investigate the rf
discharge itself, a topic of considerable importance because of thier use in plasma
etching, as Qrf driven lasers, etc. In addition, as we show in a companion paper in these
Hroceeoings , pulsed laser studies of rf discharges permit distinction between ionization-
and photoacoustically-mediated components oP the temporal profiles of LOG signals. This
information is simply not obtainable in a dc discharge.

The pulsed laser/rf discharge system can be configured in two extreme ways: with t>>T
(t=laser pulse duration, T=period of the rf cycle; and with t<<T. In the former case, the
"long-lived" LPG effect produces a modulation of the rf carrier amplitude. Consequently,
the LOG signal recovery section is simply an AM demodulator. With a laser pulse of -1)s
and an rfSrequency of -32 MHz(T~31ns), our experimental set up belongs to this
category. The latter 1 onfiguration requires a somewhat shorter t (few ns) and longer T
(rf of few MHz or less) . In this case, however, the rf carrier densities need to be
suppressed, or subtracted to recover a carrier-free LOG signal. The advantage of the
latter configuration is that laser firing can be synchronized with rf phase and,
consequently, rf phase dependent (i.e., field effect) studies can be carried out 1 1 . This
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configuration is limited in that it requires elaborate electronics and its implement at rf
frequencies above a few MHz is difficult. Moreover, photoacoustically-mediated LOG
signals, which are broader and propagatively delayed, can pose interpretative problems.

Electron impact ionization and assqciative ionization are primarily responsible for
maintaining the electrical discharge. The former is believed to dominate at low gas
pressures whereas the latter becomes important at higher pressures. This characteristic
is not difficult to comprehend. At lower gas pressures, electrons have longer mean free
path and, hence, they acquire larger kinetic energy in the applied electric field.
Consequently, electron impact ionization dominates. At higher pressures, on the other
hand, frequent electron collisions do not allow a high kinetic energy build-up and, hence,
this mechanism is suppressed.

Since metastable states will usually exhibit fairly large populations, they should play
an important role in discharge maintenance. Indeed, any perturbation of their population,
directly or indirectly, should produce a large LOG signal.

Discharge impedance depends on charge carrier density and mobility. Laser excitation
of an atom close to ionization threshold results in an increase in electron-ion pair
densities (direct or collision-assisted ionization) and the discharge impedance drops.
The polarity of the LOG signal thus generated is said to be "normal". Depending upon the
set-up, this signal may be either positive or negative. Furthermore, an "inverted" LOG
signal may be observed when the laser excitation results in an actual increase of
discharge impedance . Such an effect can be attributed to a population inversion of two
combining levels or to some peculiar characteristic of the laser-excited upper level
(e.g., a shorter decay time, a lower ionization efficiency than the lower level, etc.).
The generation of LOG signals when laser-excited states lie far below the ionization
threshold has been explained on the basis of an electron temperature coupling model: the
change of electron temperature sh ld cause a change of either electron mobility or
electron i Ract ionization rates. This explanation, however, is unsatisfactory. As we
have shown the photoacoustic (PA) effect, which plays an important role in the
generation of LOG signals, provides a satisfactory explanation for many of these peculiar
characteristics.

The generation of LOG signals in molecular systems is no different from atomic
systems. Molecular discharges, of course, do have additional loss channels (vibrational
and rotational excitations) and, consequently, higher rf powers are usually required to
sustain a molecular discharge. Certain molecular dissociation products may also confer
other attributes on the LOG signal. In an rf discharge in Bdine, for example, distinct
time-resolved atomic and molecular LOG singals are observed .

We will describe briefly some important results obtained using -lus pulsed laser
excitation which impinges transversely on the outer region of a -32MHz discharge in xenon,
cesium, neon, and iodine. The role played by the PA effect in the generation of the LOG
signal will be emphasized.

Experimental

The experimental arrangement for pulsed laser LOG measurements in an rf discharge
(Fig.1) has been described .  The sample is contained in a quartz discharge cell (8mm
diameter, 30 cm long) with copper electrodes A and B (-5cm apart) wound around the
exterior of the cell. RF voltage (-32MHz) is resonantly stepped up and applied to the
electrodes A and B. Approximately 1W of rf power is sufficient to sustain a stable, low-
noise discharge.

The detector consists of a resonantly tuned pick-up coil C wound around the discharge
cell and situated -1cm below B. The output of a pulsed, tunable dye laser (Chromatix CMX-
4, -lus pulse width) impinges transversely at L. When the laser is tuned through a
resonant frequency of some discharge species, a change occurs in the rf power transferred
to the pick-up coil. This change, which constitutes the l06 signal, is sent to a boxcar
and then normalized by a novel pulse treatment procedure

EA

OS.. A MPFigure 1.

-32 z LOG set-up with rf discharge.

See ref. 10 for details.
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Wavelength calibration markers are generated by a LOG effect in a dc discharge in a
neon-filled hollow cathode lamp. As the laser is tuned through the absorption frequency
of a lamps species a pulsed change in lamp current occurs. This current pulse, when
amplified and rectified, provides the markers on the second channel of the X-Y recoroer.

Results and Discussion

Xenon
The ground stete electronic configuration of Xenon is np5 So Under rf excitation,

it yields two np ml configurations, one with a P3/2 core (nz-states) and the other with

2P1/2 core (nt'-states). Since xenon is best described by a jZ Racah coupling scheTe, the

states may be designated ni(K)J. For laser excitation in the range 16000-17000 cm , we
have observed five d~f series which originate in the 5d(1/2)0, the 5d(1/2)1, the 5d(3/2)2,
the 5d(7/2)4I and the 5d(74)3 states at 75771.79, 79987. 16, 80323.28, 80179.16 and
80970.93 cm respectively . Only one of these series had been observed previously.
Higher members (n>20) of the series show broadening attributable to field ionization.
These d +f series dominate at lower xenon pressures (-40mTorr). At Iigher pressures
(-lTorr), series originating from 6p and 6s' states become dominant .

Several forbidden transitions (AK = t2,Aj *0) have been also observed15 . This
"allowedness" is probably induced by rf fields present in the discharge.

Cesium
Cesium has an electronic configuration [5p616s I. It is not surprising, then, that

observed spectra are attributable to a single valence electron moving about an inert noble
gas core. Since the orbital and spin angular momenta of the core are both zero, this
optical electron moves in a centrally symmetric field. Because of the screening effect of
the closed shell electrons, the high-n excitation spectra are hydrogen-like. The
hydrogenic character, particulgrly for the f-orbitals, is so good that the quantum defect
for such series is only -0.03 .

The rf discharge populites variou 0 levels of the cesium atom such that laser excitation
of frequency 16000-17000 generates the following Rydberg series in the LOG spectrum:
6p(3/2) + ns(1/2)j6p(3/2) +nd(5/2), nd(3/2), 6p(1/2) +nd(3/2),5d(5/2) + np(3/2);5d(3/2)
+np(1/2), 5d(5/2) +nf(7/2) and 5d(3/2) +nf(5/2). The series originating in the 6p levels
are quite intense but only a few members are observed. Both 5d +_3p series are quite weak
but the series can be followed up to n-20 (laser bandwidth ~ 3cm , (no intracavity
etalon). The 5d + nf series dominate the spectrum and can be followed up to n-70 (laser
bandwidth -0.1 cm -I (intracavity etalon). Lower rf powers facilitate the observation of
higher-n members. In -50mTorr cesium, perhaps because of its very low ionization
potential, even an rf power of -40mW can sustain a stable low-noise discharge.

By way of contrast, the d + f series of xenon can be followed only as far as n-35. The
higher n members are braodened and "washed out" in the spectrum, perhaps because of the
larger rf powers (0.5 - 1.0 W) required for the xenon discharge or perhaps because of a
stronger field perturbations by the "unsaturated" core. Further investigations are in
progress. An additional, much weaker component is also observed in the time-resolved LOG
signal. This weak component is broader and delayed relative to the laser pulse. As
elaborated later for neon and iodine, this second component in the LOG signal is assigned
to be mediated by a PA effect.

Neon
The LOG effect in neon has been heavily investigated. Kinetic and cross-section data

pertinent to the lower excited states is available. All LOG signal production models have
neglected the role of the PA effect. Indeed, the distinct similarities between the
temporal profiles of LOG signals from quite different discharge species, all of which
point towards the importan role of the PA effect, have been ignored. The accompanying
paper in these proceedings reviews this problem, and posits a method by which the
conventional and PA mediated LOG signals may be differentiated even in the presence of
temporal overlap.

Iodine
Iodine has been studied extensively in both dc and rf discharges. Some iodine

molecules dissociate in the discharge to produce atomic iodine. LOG signals are expected
from both atomic and molecular species. Under appropriate discharge geometry and fast
time-resolution, two separate LOG signal components with different temporal
characteristics are observed.

The intervention of a PA effect in the production of the LOG signal was noted. 4 '5

However the exact role p~ayed by the PA effect could not be assessed. Webster and
Menzies and Haner et al. supposed that the pressure pulse, generated by a PA effect,
ffected the discharge impedance by altering electron attachment and recombination rates in
the negative glow region. As will be explained, this is not a satisfactory explanation.
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We carried out time-resolved LOG spectroscopy of iodine in a -32MHz rf discharge
1 0

showing that the LOG signal consists of two time-resolved components: a fast component,
synchronous with the laser pulse, followed by a slow component, delayed relative to the
laser pulse. The fast component originates in a two-step laser photoionization of
plasma-excited atoms, the first-step being resonant, and/or in changes of atomic
collisional ionization rates. The slow component is generated by the photoacoustic signal
produced by the B + X molecular excitation. The most significant observation is that the
polarity of the PA mediated LOG signal reverses as the direction of propagation of the PA
(say, a compression) wave reverses. Thus thermal effects are not involved in the final
production steo of the PA mediated LOG signal. It must, then, be related to some kind of
kinetic effect (e.g., simple movement of the charge carriers in the "sensitive" region of
the discharge under the influence of the PA wave).

Electric discharges contain both electrons and ions. Electrons have lalrge mobility.
Consequently, in an rf discharge, a build-up of a positive ion sheath occurs around both
electrodes, effectively equivalent to build up of a dc bias across a capacitor in series
with the electrodes. Any perturbation of this sheath (equivalently, the charge on the
capacitor) by the PA effect, will result in disturbances of the discharge current and,
hence, a LOG signal will result.

It is, therefore, not surprising that a low-power rf discharge can be used as a
sensiti , low-pressure, high bandwidth "microphone." Indeed, we have characterized some
aspects (linearity, frequency range, etc.) of this microphone and used it as an acoustic
detector2 2 in studying magnetic field-induced predissociation in the B state of 12*

Conclusion

The LOG effect has evolved into a sensitive and powerful spectroscopic tool.
Transverse laser excitation is the preferred mode for LOG studies in both dc and rf
discharges. In addition to ionization rate changes, PA effects will produce a LOG signal
if some significant part of the absorbed laser energy is released nonradiatively. For
discharges with localized "sensitive" region and a laser excitation at some remove from
this region, the two processes will generate distinct, non-overlapping, time-resolved
components in the LOG signal profile. In other cases, a complex temporal profile will
characterize the LOG signal.
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Abstract

Laser optogalvanic (LOG) signals are believed to be generated primarily by laser-induced changes in the equilibrium
ionization rate of a discharge. Recent work has shown that photoacoustic (PA) effects can also play an important role in the
generation of LOG signals [Kumar et al., J. Chem. Phys. 90, 4008 (1989)] and that no thermal effects or ionization rate
changes are involved in the final step of such signal production. The PA mediated components may be superimposed on the
other components and a complex temporal profile of the LOG signal may result.

We revort a technique by which the two types of components may be distinguished even when they overlap temporally.
This technique is applicable to if discharges, and concerns marked changes induced in the temporal profiles of LOG signals as
the rf frequency is altered about the resonance frequency. Results from time-resolved studies in a -30 MHz rf discharge in
-5torr neon are presented.

Introduction

The laser optogalvanic (LOG) effect is the change of electrical impedance of a plasma caused by resonant absorption of
laser radiation in the plasma. The absorption of laser radiation by a plasma species disturbs the dynamical equilibrium of the
various plasma processes (e.g., absorption/emission, collisional excitation/deexcitation, ionization/recombination, etc.), and
produces a LOG signal.

The electrical impedance of a plasma will depend on charge carrier density and mobility. The complexity of the system
and the lack of knowledge about various rates/coefficients deters an analytical solution of the discharge impedance (and the
LOG effect). Consequently, two phenomenological models have gained followers. The first model is based on the fact that
laser-induced direct and collision-assisted ionization rate changes (IRC) of the plasma atoms/molecules will increase the
electron-ion pair density and, hence, the conductivity'. The corresponding LOG signal, if associated with an increase of
discharge conductivity, is termed "normal". For some excitations an "inverted" LOG signal is generated. In fact, however,
the actual polarity of the LOG signal will depend on the experimental set-up and on how, and where, the signal is detected.
Thus, the terms "positive" and "negative" at least as applied to LOG signal polarity, are ambiguous. The second model, the
electron temperature coupling model, assumes that the increased electron kinetic energy caused by laser energy deposition will
produce an increase of discharge conductivity by enhancing electron mobility and/or collisional ionization rates. 2 This model
was invoked to explain the generation of LOG signals by low energy (e.g., vibrational) excitations to levels far below
ionization threshold. It fails, however, to explain some important characteristics of LOG signals. For example, LOG signal
intensity does not correlate with the energy gap from the laser excited upper level to the ionization threshold.

Recent work3 on LOG effects in rf discharges in iodine and bromine has shown that LOG signals can be generated by a
photoacoustic (PA) effect, and that no thermal effects or ionization rate changes are involved in the final step of such signal
production. The pressure wave generated by the PA effect produced LOG signals by an actual physical movement of the
charged species in the "sensitive" region of the rf discharge. In a low-power iodine discharge these "sensitive" regions are
confined to the vicinity of the rf electrodes, and are attributable to positive ion sheaths. Iodine ions have very small mobility
compared to electrons and, at an if frequency of -32 MHz, the ions just oscillate about their mean positions with a small
amplitude. As a result, during the positive if half cycle the electrons are rapidly swept away from the vicinity of the
electrodes, leaving behind a positive ion sheath. The positive ion sheaths develop a dc bias which can be represented by a
charged capacitor in series with the electrodes. Thus, any perturbation of these positive ion sheaths by the PA wave should
alter the discharge current and produce a LOG signal. The polarity of this LOG signal is inverted when the direction of the
PA wave (say, a compression wave) is reversed,3 confirming that no ionization rate changes are involved in the production of
photoacoustically-mediated (PAM) LOG signals. The PA intermediacy overcomes the obstacles associated with the electron
temperature (or mobility) coupling model.

These PAM components in the LOG signal of low power rf discharges in iodine were easily identified by a transit time
delay of the acoustic wave associable with distance from the region of laser excitation to the if electrode(s). The distinction
between PAM and IRC components was also facilitated by the fact that the IRC component in iodine is "synchronous" with
the laser pulse. Obviously, if the laser pulse is directed into the "sensitive" region of the discharge, a complex LOG signal
profile will result because of the temporal overlap of both IRC and PAM components.

In the case of an if discharge in neon the latter situation holds even at low if powers. Neon atoms are much lighter than
iodine and the "sensitive" region can be spatially diffuse. The laser beam, therefore, propagates through the "sensitive" region
of the discharge and a complex LOG signal profile results.
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Under suitable conditions the overlapped IRC and PAM components in the LOG signal profile can be resolved by a new
technique. In specific, dramatic changes occur in the temporal profile of LOG signals (mainly the IRC components) produced
by pulsed laser excitation of the 1sj - 2pk transitions in neon (-5 torr) in a -30 MHz rf discharge as the rf frequency is
scanned over the electrical resonance peak of the plasma and the associated driving/detecting circuits. The PAM components,
however, are found to be insensitive to the rf frequency. In general, PA effects can play an important role in the production
of LOG signals and, under suitable condiation, they may even dominate the LOG profiles.

Experimental

The experimental arrangement for LOG measurements in an rf discharge has been described. 3.4 Briefly, the sample is
contained in a quartz discharge cell 2 cm in diameter with copper electrodes A & B (-5 cm apart) wound around the exterior
of the cell. The rf voltage (-30 MHz) is resonantly stepped up and applied to the electrodes A & B. An rf power of 0.1 -
0.2 watts is sufficient to sustain a stable, low-noise discharge in neon at -5 torr pressure.

A resonantly tuned pick-up coil, C, also wound around the discharge cell and situated -1 cm below B and 6cm from A, is
coupled to the rf discharge, which extends beyond B. The output of a pulsed tunable dye laser (Chromatix CMX-4, -1 ps
pulse width, resolution -0.1 cm, beam focused to -0.5 mm diameter) transversely excites the discharge at a point L (between
B and C). When the laser is tuned to a lsj -+ 2 Pk transition of neon, changes occur in the if power transferred to the pick-up
coil. These changes constitute the LOG signal, which is recovered by demodulation in the signal recovery section and, after
amplification, is either sent to an oscilloscope for visual monitoring or transferred to a box-car for recording.

The rf oscillator frequency, f, and the tuning capacitors are adjusted for resonance (frequency f.), as indicated by a "dip"
in the amplifier power meter and a maximum voltage in the pick-up coil. Temporal profiles of LOG signals for various ls, -4
2Pk neon excitations are recorded with rf frequency (f) set at fo, slightly below f. and slightly above f.. Changes in LOG
signal profiles are also monitored as the rf frequency is scanned across the resonance peak. Finally, with laser off, the rf
resonance profile is recorded by scanning f and recording the dc voltage in the demodulator of the signal recovery section.

The temporal profiles of the faster components of these signals are extremely sensitive to changes in rf frequency around
fo. While the profiles from various neon transitions may differ considerably, their shapes depend systematically on f. The
pattern of changes is illistrated in Fig. 1 for the ls5 -+ 2 P2 neon excitation at 16996.61 cm 1.

Results

Only the temporal profiles at f = f,, = 29.24, f = 29.04, and f = 29.44 MHz (each at oscilloscope scan speeds of 50 ps/div.
and 5 ps/div.) are presented in Fig. 1. Only a brief description of their salient features is presented:

(i) At resonance (29.24 MHz, Figs. IA and IB) the LOG signal consists of a sharp positive peak (#2) at -3 ps followed
by two slower peaks at -30 ps (#4) and -150 ps (#5).

(ii) As the rf frequency is gradually reduced below fo, peaks #1 (negative, weak, synchronous with the laser pulse) and #3
(strong, positive, rapidly increases and saturates) appear and grow on either side of peak #2. Temporal profiles at 29.04 MHz
are shown in Figs. IC and ID. Peak #3 is at -8 ps and it has engulfed peak #2. Peak #4, which has moved slightly to the
right, has gained some intensity whereas peak #5 is now somewhat weaker.

(iii) As the rf frequency is gradually increased above fo, peaks #1 and #3 appear and grow with similar characteristics
but with opposite polarity compared to those in (ii) above. The temporal profile at f = 29.44 MHz is shown in Figs. LE and
IF. The strong peak #3 has again engulfed peak #2, and its strong positive overshoot now appears to neutralize negative peak
#4. Peak #5 has gained some intensity and its maximum has shifted to the left. The background noise levels are observed to
increase as f moves away from f.

(iv) The signal is noisy in (ii) and (iii) above. However, all peaks #1 to #5 are zeal and reproducible.
(v) A slight displacement (5-15 ps) occurs in the positions of peaks #4 and #5 as the laser beam is displaced along the

axis of the discharge cell. No noticeable shift could be detected in the position of peak #2.
(vi) The broad, and rather insensitive peak #5 never inverts. However, it does undergo slight changes in intensity and the

position of its maximum shifts. Peak #4 does not change sign, except in Fig. IE where it appears to be affected by the
strong positive overshoot of the earlier peak. Peak #2 is invariant to f. However, its appearance and profile is crucially
dependent on the intensity of peak #3.

(vii) Similar behavior is observed with the LOG signals of other Is. --+ 2 Pk neon excitations. For some excitations (e.g.,
is 2 -4 2P2 at 15149.7 cm'-), an inverted LOG signal shape (relative to hat from lp5 -+ 2 P2) is observed. In such cases,
inversion of the same pair of LOG signal components occurs as the if frequency changes from slightly below to slightly above
fo. Also, if the metastable states Is3 and is 5 are not involved in the laser excitation process (either as an initial level, or as a
final level after relaxation from the upper 21k level), peak #4 and #5 are either extremely weak or non-existent.

Discussion

A detailed discussion of the observed phenomenon and its implications will be published elsewhere.5 Only a brief
discussion is presented here.
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Figure 1. Temporal profiles of LOG signals in an rf discharge in 5torr

neon.

Clearly, two distinct mechanisms are involved in the generation of LOG signals. This conclusion follows from the fact
that the two sets of peaks in the LOG temporal profile behave differently as the rf frequency changes from slightly below to
slightly above f.. Peaks 2,4 and 5 do not alter characteristics whereas peaks 1 and 3 vanish and change polarity as the rf
frequency passes through fo.

The observed rf frequency-dependent behavior of the LOG signal can be explained on the basis of a simple
phenomenological model which has two components: (a), laser excitation of a particular Is -- 2pk transition alters the
equilibrium ionization rates, with concomitant changes of the plasma resonance characteristics (effective conductivity, capacity
and inductance); and (b), a part of the energy absorbed from the laser pulse is released non-radiatively into the translational
modes and launches a pressure wave (PA effect).

On the basis of this model it can be shown5 that the set of peaks which do not alter their characteristics with rf trequency
(peaks 2,4 and 5) are mediated by the PA effect (PAM component). On the other hand, the set of peaks that is strongly rf
frequency dependent (peaks 1 and 3) is generated by ionization rate changes (IRC component). Thus at f = fo and at low and
moderate laser powers, only the PAM component will be observed. At f * fo, both mechanisms will be active and the
observed profile will be a composite of the two different sets of signals. Under different conditions, the relative intensities of
the two components may change considerably. Thus, quite different signal profiles can occur.

As discussed previously, the laser beam propagates through the "sensitive" region of the discharge in neon and,
consequently, peak 2 (Figs. IA and 1B) represents an initial PAM shock-wave followed by slow, non-uniform PAM peaks 4
and 5. These peaks (4 and 5) can hardly be assigned as "ringing". Their complex shapes occur because of the fact that the
long-lived, collisionally equilibrated, metastable levels ls3 and Iss play dominant roles in sustaining the discharge, and any
perturbation of their population densities will gradually exchange energy with the plasma (i.e., the PA channel) and will
condition the latter part of the PAM signals. A relaxation time of -80 ps for the is5 level population is observed.6 It is,
therefore, not surprising that long lived PAM components are present in the LOG profile.
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The rf frequency-dependent behavior of the LOG signal components (peaks 1 and 3) can be explained by invoking an IRC
mechanism which generates LOG signals via shifts of the rf/plasma resonance curve (or, equivalently, the response/transfer
function). The curve is observed to shift to the left (right) with an increase (decrease) of equilibrium ionization rates. 5

Peak I is ascribed to an initial decrease in the equilibrium ionization rate caused by laser induced depletion of the is5
metastable level population. At the neon pressures and the rf powers used in our work, Penning ionizations of the metastable
levels dominate the electron impact ionizations of the upper 2p2 levels and the equilibrium ionization rate drops. Such a
decrease of equilibrium ionization rate is not unusual.5

Peak 3, which indicates an increase in equilibrium ionization rates, originates in photoionization of an excited discharge
species by VUV fluorescence from the is 4 level. The non-metastable levels is 2 (radiation trapped life-time in <1 ps) and 1s4
(radiation trapped life-time <11 pis) 7 acquire excess population by relaxation of the laser excited 2P2 level. The effect of Is2
fluorescence, if any, is buried within peak 1. The rapid decay of peak 1 is largely attributable to swamping by peak 3 which
is overwhelmingly strong and of opposite polarity.

The inversion behavior of peaks 1 and 3 with change of f, and their nulling -.' f = f, can be visualized by setting the rf
frequency f on the left (or right) shoulder of the resonance (response/transfer)curve. A leftward movement of the transfer
curve (laser induced increase of ionization rates) generates a positive (negative) IRC signal at the particular setting. However,
if f = fo, a slight displacement of the response/transfer curve will not produce any IRC signal. Thus, at this setting, no IRC
signal will be produced even though ionization rates may change. The characteristics of peaks 4 and 5 suggests that at f * f(
some weaker IRC components may also be active in this region. This is not unexpected since the plasma electron density has
a relaxation time of -80 ps.7

The similarity of the LOG signal shape (PAM components, Fig. IA) from our rf discharge and those obtained by other
workers in dc discharges s suggests that PA effects can play a significant role in the generation of LOG signals in rf as well
as dc discharges.

To summarize, the various peaks in Figure 1 can be assigned as follows:
(i) Peaks 2, 4, and 5 in Figs. 2A and 2B (f=fo) are pure PAM components.
(ii) Peaks 1 and 3 are of IRC origin.
(iii) Peaks 2, 4 and 5 in Figs.2C-2F (f * f) are admixtures of both PAM and IRC components. Peak 5 is

predominantly PAM in nature. Peak 4 may have some IRC component.

Conclusion

Two sets of LOG signal components are identified in an rf discharge in neon and their origin is explained. The PA
effect plays an unexpectedly strong role in the generation of LOG signals in rf as well as dc discharges.

Acknowledgement

This work was supported by the U. S. Department of Energy (Office of Health and Environmental Research).

References

1. For a review of the optogalvanic effect and its various applications see 3. Phys. Colloq. C7 (1983); C. R. Webster and
C. T. Rettner, Laser Focus 19, 41 (1983); J. E. M. Goldsmith and J. E. Lawler, Contemp. Phys. 22, 235 (1981).

2. R. A. Keller, B. E. Warner, E. F. Zalewski, P. Dyer, R. Engleman, Jr., and B. A. Palmer, J. Phys. Colloq. C7, 23
(1983).

3. D. Kumar, P. L. Clancy, and S. P. McGlynn, J. Chem. Phys. 90, 4008 (1989).
4. For a block diagram of the set-up see S. P. McGlynn and D. Kumar, These Proceedings.
5. D. Kumar and S. P. McGlynn, 1. Chem. Phys. (submitted).
6. T. Fujimoto, Y. Uetani, Y. Sato, C. Goto, and K. Fukuda, Opt. Commun. 47, 111 (1983).
7. Y. Uetani and T. Fujimoto, Opt. Commun. 49, 258 (1984).
8. A. Ben-Amar, G. Erez, and R. Shuker, J. Appl. Phys, 54, 3688 (1983).

760



FREQUENCY-MODULATION SPECTROSCOPY WITH MULTIMODE LASERS*

James M. Supplee

Physics Department, Drew University, Madison, NJ 07940 and

Department of Physics and Engineering Physics

Stevens Institute of Technology, Hoboken, NJ 07030

Edward A. Whittaker

Department of Physics and Engineering Physics

Stevens Institute of Technology, Hoboken, NJ 07030

Abstract

We report on the extension of the theory of frequency modulation spectroscopy (FMS) to include multimode

laser sources. We first develop the theory analytically, including the effects of the laser mode intermodulation on

the FMS signal. We then evaluate the theory in the limit of weak absorption and small modulation index. We note

that in appropriate limits the FMS signal is proportional to the derivative of the apparent absorption profile. The

analytical results are then evaluated in a number of cases through the use of a computer model which is able to

simulate the FMS spectrum expected for arbitrary molecular and atomic absorption lines. The model demonstrates

that absorption features narrow compared with the overall laser linewidth may still be discernable through tile

application of multimode FMS.

*This work was supported by a National Science Foundation Research Opportunity Award under Grant #ECS-

8811955 and by a Drew University Faculty Release Time Grant.

1. Introduction

The application of high frequency electrooptic phase modulation to laser absorption spectroscopy is a well estab-

lished technique for enhancing available detection sensitivity [1]. The method evades low frequency laser technical

noise by upshifting the spectroscopic absorption induced signal to a frequency where detector shot noise is dominant.

In the usual approach, a single frequency tunable laser is used as a source beam of light. The single frequency laser

enables very high resolution absorption spectra to be obtained. The theory for this case is well developed [1] and

shows that the frequency modulation spectroscopy (FMS) signal has two quadratures, one proportional to the first

derivative of the absorption profile, and the other proportional to the second derivative of the dispersion profile. The

theory for the signal-to-noise ratio has also been reported for the single mode case [2].

Two experimental reports have demonstrated that the basic FMS approach may also be applied to tunable lasers

that are not operating on a single longitudinal mode. In one experiment, a pulsed dye laser was used to probe atomic

sodium absorption [3] and in the other work, a multimode cw dye laser was used [4]. In these cases, the modulation

frequency was comparable to the absorption linewidth, and the laser linewidth was greater than they were. The

experimental results suggest that at least in this regime, multimode FMS still generates derivative like spectra.
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We report here on the extension of FMS theory to a multimode laser source. Our analysis is applicable to both

free running and mode-locked laser sources and takes full account of the effect of mode intermodulation on the

FMS signal. Our analysis enables us to include arbitrary values for total laser linewidth, mode spacing, modulation

frequency and absorber linewidth aiid structure. Our results show that the FMS signal indeed remains derivative-like

in certain limits as suggested by the experimental results. However, we also find a more general result which shows

that the FMS signal produces a lineshape proportional to the derivative of the apparent absorption line as measured

by the multimode laser. This suggests that fine absorption features ordinarily obscured by the wide laser line will

be discernible with FMS. We explore this and several other regimes not yet investigated experimentally using the

graphic output of a computer model.

2. Analytic Results

In this section, we summarize the analytical results for the extension of FM spectroscopy to include a multimode

laser source. Details of the analysis will be reported elsewhere [5]. The analysis follows the formalism of Bjorklund [1]

and Gehrtz, et al. [6]. The results follow directly from the observation that a multimode laser is simply a collection

of single frequency lasers. When phase modulated and passed through an absorbing sample, each mode generates its

own FMS signal which is identical to the single mode case.

In the case of a broad band dye laser with free running modes, the fluctuating phases of each mode cause the

detector photocurrent to consist of a sum of the FMS signal powers over each mode. Since each mode is modulated

by the same radio frequency (rf) source, the signals at the rf frequency add coherently even though the optical signals

add incoherently. In the case of a mode-locked laser, the optical fields also add coherently. This has the effect of

producing strong amplitude modulation in the detector photocurrent at the intermode spacing and its harmonics.

However, the FMS signal may still be extracted by choosing the phase modulation frequency to be incommensurate

with the intermode frequency, and selectively filtering only the FMS signal components. Consequently, both the free

running and modelocked cases produce the same FMS signal.

In the limit of small modulation index and weak absorption, the absorption quadrature of the multimode FMS

signal is given by
I, cE-

Is = M jf " (68 n,1 - #n,-1), (1)
n

where M is the modulation index, E, is the amplitude of the nth laser mode and bn,j is the sample attenuation factor

evaluated at the jth sideband of the nt h laser mode. There is a similar expression for the dispersion quadrature.

Eq. (1) shows clearly that the FMS signal is simply the coherent sum of the individual FMS signals from each mode,

weighted by the power in each mode. Depending on the relative magnitudes of the modulation frequency, laser

mode spacing and absorption feature lineshape, the terms in the sum can interfere constructively or destructively as

discussed below to produce an overall FMS signal.

3. Computer model

We have developed a computer model which calculates and plots the FM spectrum obtained when a frequency

modulated tuneable multimode laser is passed through an absorbing sample. The laser output is modeled as a set

of N discrete modes spaced by wrt, with each mode having negligible width. The total bandwidth of the laser is

therefore

F7 = (N - 1)wrt. (2)
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Using Eq. (1), the model calculates FM signal intensity as a function of laser center frequency as the laser
frequency is varied. With this computer model, one can conveniently see how the FM spectrum is affected by
variations in modulation frequency win, number of modes N, mode spacing Wrt, or the characteristics of the sample
absorption profile. One method for displaying such results is to give a 3D plot showing signal versus frequency as

a parameter of interest is varied along the third axis. Fig. 1 is an example of such a plot. There the FM signal is
plotted, as the modulation frequency is varied along the third axis. This example is for a 201 mode laser probing an

absorber modeled as a single Lorentzian. We have chosen units where the half width at half maximum (F) of this
Lorentzian is 1. In those units the spacing between modes is 0.1 and the modulation frequency varies from 0.1 to

2.0 along the third axis.
The FM signal results from subtracting two terms, where those two terms involve the absorption at points

separated by 2wm (Eq. 1). For small wm then, one is essentially measuring the difference in the absorption profile at
two nearby points. This results in the signal being small for small wi, as shown by the front scan in Fig. 1. Taking
the difference between nearby points also results in the FM signal being the derivative of the absorption profile [2]

[5]. Therefore if the absorber is modeled as a Lorentzian, low modulation frequency (win < feature width) will result

in a signal shaped like a differentiated Lorentzian.

However, the multimode nature of the laser can cause the signal to become more complicated. Even the qualitative

nature of the complications depends on how the mode spacing wrt compares with the size of the absorption feature
F. This dependence is illustrated in Fig. 2, by varying wrt as the other parameters are held constant. For Wrt > F,
each mode will separately pass through the absorber, yielding simply a series of differentiated Lorentzians spaced

by Wrt (Fig. 2a). As wt decreases and becomes comparable to F, the minimum in one differentiated Lorentzian can
begin to cancel with the maximum of the differentiated Lorentzian on its left, as illustrated by the progression of

decreasing Wrt in Figs. 2a - 2c. As long as the power of neighboring laser modes is comparable, all peaks except the
far left minimum and far right maximum can largely cancel. These two remaining peaks (in Fig. 2c, for example)
have width given by the true absorber width; resolution is not limited by the total width of the laser (F = 36 in

Fig. lc)! This cancelation effect is more or less in place whenever

r F. (3)

Reducing wrt has a second effect. For wt < F, the minima of the first few differentiated Lorentzians on the left
and the maxima of the first few differentiated Lorentzians on the right constructively interfere. This is why in going

from wrt = 20 to wrt = 0.6 (Figs. 2a to 2c), the cancelation of the interior fluctuations becomes complete and the
end peaks become higher (note ordinate scale). The constructive interference of these peaks is simply a sum of the
peaks, and in certain circumstances [5] that sum can be well approximated as an integral. Integrating the derivative

of the absorption profile will give back something of the same shape. This is why Fig. 2c shows Lorentzians, although

one is shifted and inverted.
As a further example of the FM signal showing two copies of the absorption profile with one inverted, consider the

more complex situation of a simulated portion of the iodine spectrum. The model spectrum used for this calculation

is [7] a series of Lorentzians as shown in Fig. 3a. For simplicity, we have made the unrealistic assumption that there
are no absorption lines above or below those plotted. That simplification would not actually hold experimentally for

iodine, but would apply to other materials with sparser spectra. The FM spectrum for a case with wm < F, and

wrt < F is shown in Fig. 3b. It reveals two shifted copies (one inverted) of the absorption profile as expected.
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The absorption spectra corresponding to transitions from the 42 r level to upper excited states of several
rare gas-halide trimers (Kr2 F, Ar 2F and Xe 2Cl) have been measured at wavelengths ranging from
200 nm to as large as 800 nm. Absolute absorption cross sections for Kr2 F have been determined.
Experiments are discussed that will measure the radiative lifetime of the KrF (B) state which is formed
utilizing a sub-picosecond source. KrF B - C mixing, quenching rates and the B-*X stimulated
emission cross section will be measured.

Introduction increased, and several interesting features were
observed. However, a complete continuous absorption

A complete understanding of any molecular spectrum had not been measured for any of the trimers
system requires knowledge of all reactions that until this past year when the Kr 2 F (42 ) absorption
produce or deplete the molecular species of interest in spectrum from 255 nm to 455 nm was published. 10 The
the system as well as the fundamental constants that work reported here is an extension of that result to
describe those reactions. In the case of the rare gas- wavelengths as low as 200 nm and as large as 800 nm,
halide excimers (RGH), the species of interest include and also includes results on Ar2 F and Xe2 Cl.
rare gas atoms and molecules, halogens, the excimers In addition to measuring the relative spectral
and the associated trimers. At pressures utilized in dependence of the absorption, a refined technique for
typical RGH laser mixtures, the trimers may be measuring absolute cross sections has given a more
present in large quantities, and knowledge of their reliable value for the Kr2F absorption cross section. In
formation and decay mechanisms along with their contrast to previous absolute cross section
spectroscopic behavior is essential in understanding measurements, the cross sectional area of the probe
the RGH system. beam was continuously monitored using a linear

As an example, the RGH trimers are predicted pyroelectric array, and the probe beam was telescoped
to absorb in the ultraviolet in a manner similar to down to a smaller size and collimated through the cell
absorption by the ground state dimer ion.1 In many (unfocussed).
cases, this absorption is predicted to be very strong at
the RGH emission wavelength, so that the trimers Cross Section Measurements
could be strong absorbers of the desired excimer laser
light. For the case of Kr 2F* absorption at 248 nm (KrF In measuring the spectral dependence of the
B-*X emission wavelength), the absorption cross trimer absorption, a probe beam was sampled before
section was recently measured to be -lxl0- 18 cm 2 . 2-4 and after an absorber was created in a specified length
This value, though smaller than predicted, 5 is not L, and the ratio of intensities obeyed Beer's law,
insignificant, and Kr 2 F* absorption cannot be
neglected in attempting to model the KrF system. I e-NL

However, the RGH trimers are interesting in '0 
=

their own right, and lasing has been observed from
Kr2 F and Xe 2Cl. 6.7 Its large emission bandwidth and where I. is the incident or unperturbed intensity, I is
potential tunability in the blue green portion of the the intensity detected after absorption takes place over
spectrum have made Xe 2 Cl a candidate in the blue the length L, a is the absorption cross section and N is
green laser program. Measuring the absorption the density of absorbers. This assumes that the
spectra of the RGH trimers becomes all the more absorber density is not depleted by the probe beam. In
important as they are considered for various scientific order to determine a, the absolute density of absorbers
and military applications. must be ascertained, and therefore, the absorption

Up until the last few years, only limited absolute coefficient, a(X), equal to No(X), was determined.
absorption cross section measurements on Xe2 Cl and Absolute cross sections for Kr 2F were measured
Kr 2 F were made, and only at specific wavelengths. 8 ,9  using the fluorescence suppression technique. 11 An
Recently, Geohegan and Eden 4 attempted to excited state was created using laser excitation, which
continuously measure the Kr2 F and Xe2 Cl absorption resulted in the production of only a few species. That
spectra using a tunable dye laser, and although low state's absorption cross section was determined by
frequency doubling efficiencies kept their examining its fluorescence in the presence and
measurements above 340 nm, the resulting spectra absence of a probe beam of a particular wavelength.
decreased in absorption as the dye laser wavelength Since absorption reduced the density of absorbers, the
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fluorescence from the excited absorbers was place. These are the major sources of uncertainty in
suppressed. This is described mathematically in the this measurement.
following analysis for the case of Kr2 F* absorption.
The rate equation that describes the time rate of Experimental Apparatus
change of Kr 2F* is given by the following:

A. TAS Set-up
d[Kr2F*] + [s[Q 1 (2) The Transient Absorption Spectroscopy Set-up

dt~ P(TASS) is shown schematically in Fig. 1. Large
densities of absorbers were created in a small

where P is the production rate from species S, c is the discharge laser (EMG-50) having MgF 2 windows and a
Kr 2 F* radiative lifetime, k is the rate constant for discharge volume of -24 cm 3 . Light from a pulsed,
quenching of Kr 2 F* by the quencher Q, a is the xenon flashlamp was collimated by a short focal length
wavelength dependent absorption cross section, I is the (FL) fused silica lens, apertured and passed through
probe laser intensity in W/cm 2 , hw is the laser photon the discharge before being focused with an achromatic
energy and brackets denote particle densities. This lens onto the 25-grn entrance slit of a 0.25-m
assumes that one operates in a regime where there is spectrometer. The spectrometer dispersed the light
no appreciable loss of laser photons and stimulated onto a gated, intensified, ultraviolet-sensitive diode
emission from Kr2 F* does not take place. It is also array, and a 300-groove/am grating gave a 200-nm
assumed that absorption takes place to a level which range over the active portion of the diode array. A
immediately dissociates or relaxes quickly and that 20-ns gate pulse was applied to the array detector at the
reformation of Kr2 F* can be ignored. If the pumping peak of the 300-ns lamp pulse. Timing between the
rate is fast compared to the loss rate and if one waits to lamp, discharge device and high voltage pulser was
fire the probe laser until P is small, then the Kr 2F* controlled with a delay generator, and the detection of
density can be solved for by neglecting P. discharge fluorescence with a photodiode (PD) allowed

the drift of the thyratron-switched discharge to be
t }observed and corrected for.

[Kr2 F* (t] = [Kr2F* (td)] exp The discharge device was typically filled with 400{ 0o dt}to 700 mBar of rare gas (xenon, krypton or argon),
t- 15 mBar of halogen (F2 or HCl) and a balance of helium

( t (t3 to a total pressure of 2.5 Bar. Since excessive rare gas
Sexp -~ ( pressures resulted in arcing, the device was run at the

highest rare gas pressure that would give uniform,
reliable discharges, so that three body formation rates

The effective lifetime of the excited state, c', is of the trimers would be maximized while maintaining
defined in the following way: shot to shot reproducibility.

The detector controller was interfaced to a
+ 1 computer that stored and analyzed the data. Each

' = + k [Q] 4 individual absorption spectrum required three data
runs of typically 600 shots per run at a repetition rate of

and to is the time at which the probe laser is fired. If 10 Hz. The first run (IAb,) consisted of acquiring both
the laser pulse length is TL, the ratio of the Kr2 F* the lamp light and the discharge fluorescence, and it
density at time to + TL with and without firing the contained the absorption information. The next two
probe laser, or the fractional fluorescence (FF), is runs (ILmp and IFl) collected lamp light and discharge

fluorescence separately. Subtraction of background

[Kr2 F* (to+TL,)] (FF = --e
"

______5)

[Kr 2 F* (to+TL, = 0)] -

Osilocoe HV DOWta
Fslocp iser Delay

where the laser fluence, , in photons per cm 2 , is equal Generalor

to E/hTA, and E, the total energy in the incident laser coiMatng

pulse, is given by LesD I i/er

Xe Dischge I SMA Detector
tQ+TL Lam 00 eie *' Ui~ie Head Cntroller

E A f lt)dt (6) AprueBS

to Achromac
Lens

The cross section, then, is determined by measuring Termial Compuler

the ratio of the fluorescence with and without the
.action of a probe beam as a function of laser fluence. FIG. 1. Schematic of the Transient Absorption Spectroscopy Set-up
In order to make an accurate determination of a, one (TASS). The heart of the system is an Optical Spectrometric
must be able to measure accurately the cross sectional Multichannel Analyzer (OSMA) which contains a gated head and
area of the probe beam, the energy that is contained in a detector controller. The system is run by a computer which also
the pulse and the amount of suppression that takes stores and processes data.
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light was automatic. Absorption was calculated in the the probe beam was directed through 10 cm and 2.5 cm
following way: FL cylindrical lenses which reduced the cross

sectional area of the beam while retaining its
1 fIA( )- IF(X) collimation. The purpose of the liquid filter was to

a(X) = -, In ji - (7) prevent the ArF beam from interfering with the gas
chemistry inside the probe laser. This had been shown
to have a deleterious effect on the probe laser's

where a(k) was the net absorption in m- 1 and L was the output.12 A quartz BS reflected -8% of the probe beam
discharge length (0.2 m). onto a Spiricon linear pyroelectric array (LPA) which

was positioned the same distance from the BS as the
B. LEAKS Set-Up quartz cell. In this way, the probe beam cross sectional

area in the center of the cell could be determined
Figure 2 is a schematic diagram of the exactly. The probe laser pulse energy was also

experimental apparatus used to measure absolute monitored using another BS in combination with a
cross sections (LEAKSS, or Laser Excitation for dielectric full reflector and energy detector (not shown
Absorption, Kinetics and Spectroscopy Set-up). Two in the figure). The mirror helped to reduce the
excimer lasers (Lambda Physik EMG-201E and number of pump laser photons which reached the
101-MSC) were aligned so that their beams were probe beam detector, although it did not altogether
counter-propagating. Both lasers were configured as eliminate them. Output from the energy detector was
oscillators with standard optics and produced 15- to displayed on both a readout unit and a stripchart
25-ns full width at half maximum beams which were recorder, allowing stray pump energy to be accurately
unpolarized. The lasers were triggered at 10 Hz by a subtracted out of the probe energy measurement.
trigger generator, and each had a firing jitter of ±2 ns. Fluorescence from excited species in the cell was
The 201 (pump laser) ran on an argon fluoride gas collimated and focussed onto the 200-prm entrance slit
mix (193 nm) and produced 300-mJ pulses with a shot of a 27-cm monochromator and a portion of the
to shot variation of 20%. The beam was focussed by a dispersed fluorescence was detected by a Hamamatsu
7.5 cm FL cylindrical lens to a line at the center of a R943-02 photomultiplier (PMT). Kr2 F* fluorescence
quartz cell. A gas handling system typically filled the was monitored at 400 nm (the peak in the emission
cell with 1 Torr of electronic grade fluorine and 500 or band) and care was taken to ensure that no stray light
1000 Torr of research grade krypton. The energy of the from either laser was detected. The PMT signal was
ArF pulse was monitored with a quartz beamsplitter displayed on a Tektronix 7104 oscilloscope and sampled
(BS) set to give a small (<50) angle of incidence and it by a boxcar integrator. The rising edge of the 5-ns
reflected -8% of the beam onto an energy detector. boxcar aperture was set to coincide with the end of the

The probe laser was filled with either XeF probe laser pulse (time to + TL in eqn. (5)). The
(351 nm), N2 (337 nm), XeCI (308 nm), KrF (248 nm), boxcar's averaged output, which was proportional to
KrCl (222 nm) or ArF gas mixtures and fired an the Kr 2 F* density at t o + TL, was recorded by the
adjustable time delay, to , after the pump laser. After stripchart recorder.
passing through a methanol or isopropyl alcohol liquid Passing the probe beam through two cylindrical
filter (except in the case of ArF mixes in both lasers), lenses with FLs of 10 and 2.5 cm resulted in a four fold

reduction in the width of the beam. This provided
fluence levels that were more than sufficient to observe

Gas 50% suppressions in fluorescence for output energies
Handling in the 50 to 100 mJ range. However, in the cases of N2
System and KrCl, the laser output was only -10 mJ resulting

in maximum suppressions of -20%. The separation of
the lenses was chosen to give a well collimated beam
and had to be adjusted for each probe laser gas mix.

Excimer . .5,Excimer
Laser Laser Data Taking and Results

BS __ Eeg
Energy TA. Spectral Measurements

Recrt e lescopenec fterF(2)aDetector
Thepca~j dependence ofte<=>( 2 )asopino

wavelength is seen in Fig. 3, as determined from the
Boxcar Monochromator TASS set-up. The spectra were recorded at a delay of

Integrator60 ns between the start of the discharge and the end of
Digital the gate pulse. Three Kr 2F (42 ) absorption features

ss Delay are evident in the figure. The (42 r - 92 r) band peaks at
Oscilloscope Generator 315 nm and has a half width of 85 nm. The (42 r -* 62r)

band peaks at -690 nm, and a third band, which is
definitely due to Kr2F (42 r) absorption, peaks at 222 nmand is much narrower than the (42C -* 92 r) band. Also

FIG. 2. Schematic diagram of the Laser Excitation for Absorption, sn in th figre ar the ( 2  - 2 b and
Kinetics and Spectroscopy Set-up (LEAKSS). Absorbing species seen in the figure are the Kr2+ [1(1/2) u - 2(1/2).] and
are created using the laser on the right, while the laser on the left [1(1/ 2 )u 1(1/ 2 )g] absorption spectra that were
produces the probe pulse. The liquid filter mentioned in the text predicted by Wadt. 13 These results demonstrate the
(located at the output of the probe laser) is not shown. near identical absorption features of the trimers
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FIG. 3. Absorption spectrum of Kr 2 F (4 2
r) and atomic absorbers as determined from TASS. Also displayed as triangles (A) are the

absolute cross section data determined from LEAKSS, and the dashed line is a combination of the Kr 2 + [1(1/2)u -
2 (1/ 2 )g) and

[1(1/2), - 1(1/2)9] absorption bands predicted by Wadt. The theoretical data has been shifted slightly so that the peaks in the Kr2 F
(4

2 r -' 9 2
f) and Kr 2 + [1(1/2)u -1 

2 (1/ 2 )9 absorption bands overlap. The absolute cross section data has also been normalized. The gas
mixture was 3 mBar F2, 500 mBar Kr and 1997 mBar He. The 42r - 92r absorption band peaks at 315 nm and a second, narrower band is
present to the blue, peaking at 224 nm. The narrow lines seen above 425 nm are metastable absorption features.

compared to the rare gas dimer ions, except for the 5-ns boxcar aperture was opened at the end of the probe
third band seen at shorter wavelengths. The narrow laser pulse, typically 25 to 30 ns after the probe laser
lines seen between 425 nm and 800 nm are atomic was fired. Approximately 500 shots were taken in the
absorption features. absence of the probe pulse, and the average of the

Figures 4 and 5 give the absorption spectra of fluorescence intensity was recorded by the boxcar-strip
Ar 2F and Xe2 Cl. In both cases, the (42 r-*92 r) band is chart combination. This was repeated while firing the
observed as well as the narrower band to the blue. Also probe laser, and the fractional fluorescence was
shown in Fig. 5 are absorption data taken by McCown determined by dividing the intensities. The
et al.9 using the fluorescence suppression technique. experiment was repeated at a variety of fluence levels,
The size of the cross section at 193 nm suggests that the providing a set of ordered pairs of fractional
band peaking at -200 nm is real, and that a fluorescence versus fluence. The fluence was varied by
progression of bands may exist in the ultraviolet, placing quartz flats (suprasil or optosil) at the output

aperture of the probe laser, or by varying the laser gas
B. Absolute Cross Sections mix or charging voltage. In this way, the fluence

could be reduced by over an order of magnitude. The
The argon fluoride laser 14 was used as a means uncertainty in each data point arises from

to excite krypton atoms from their ground state to the uncertainties of less than 10% in the energy
excited 6 p(3/2)2 level in a resonant, two photon process. measurement, 5% in the beam area measurement and
Quenching takes place rapidly to relax the excited 3% in the fractional fluorescence calculation.
atoms to the metastable level, and the formation of the A semilog plot of FF versus photon fluence is
KrF (B) state by the harpoon reaction is also fast. Kr2 F shown in Fig. 6. The probe laser wavelength was 308
(42 r) is formed in a three body process: nm, and the straight line drawn is a linear least

squares fit to the data. The absolute value of the slope
of the line, which is equal to the absorption cross

KrF(B)+2Kr --+ Kr 2 F(4 2r) +Kr (8) section, is (5.1± 0.5) x 10 - 18 cm 2 . Data was taken at
each of the other probe laser output wavelengths, and

Following excitation by the ArF pulse, the KrF (B-*X) the absorption cross sections were determined.
fluorescence peaked -32 ns after initiation while the Results are presented in Table I and shown
Kr2F (4

2r -* 12 r) fluorescence peaked -30 ns later. In graphically in Fig. 3, along with the data obtained from
fluorescence suppression measurements, the probe TASS. The overall uncertainty in the cross section
laser was triggered 70 ns after the ArF laser, and the measurement is the standard deviation from the
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FIG. 4. Absorption spectrum of Ar2 F (42 r). The gas mixture was 3 mBar F2 , 700 mBar Ar and 1797 mBar He. The (42 r -- 92r) absorption
band peaks at 295 nm and a second, narrower band is present to the blue, peaking at 220 nm.
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FIG. 5. Absorption spectrum of Xe 2 C! (421) and atomic absorbers. Also displayed as triangles (A) are the data taken by McCown et al.
(Ref. 9) which has been normalized. The gas mixture was 3 mBar HCI, 400 mBar Xe and 2097 mBar He. The (42r -+ 92r) absorption band
peaks at 337 nm and a second, narrower band is present to the blue, peuking at 254 nm. A third band is also present peaking at X S 200 nm,
implying the existence of a progression of bands. The narrow lines seen above 450 nm are metastable absorption features.
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at wavelengths greater than 280 nm results in
1.0 photodissociation of Kr 2 F* and the immediate

formation of the KrF (B) state,1 6 while absorption at
0.8 Twavelengths below 250 nm do not appear to do so. The

0.' 500 Torr measurement at 248 nm is complicated by the effect of
1 Tofl F2  stimulated emission taking place which reduces the

= 308 nm KrF (B) population.
The absorption band from 250 to 500 nm is seen

0.4 A to be bound -> free, supporting the contention that

FF Aphotodissociation takes place, leaving an excited KrF
molecule and a krypton atom. The band centered at
224 nm, though much narrower, also appears to be

0.2 bound -4 free, and the absorption products have not as
. 5. jX101 8 Cm2 yet been identified. Although the limit of the OSMA

M2- detection system is 200 nm, a new vacuum ultraviolet
detector head will extend measurements below 200 nm,
allowing a comparison to the 193 nm data points to be

0............................................. made.
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 The (42 r - 92 r) absorption band is narrower in

Fluence (1017 cm- 2 ) the discretely measured spectrum using the
fluorescence suppression technique. The cause of this

FIG. 6. Semi-log plot of the fractional fluorescence (FF; defined is not currently known, and several measurements
in text) as a function of the XeC! photon fluence. The triangles (A) were made to verify the accuracy of the 308 nm cross
are data points and the straight line is a linear least squares fit to section, including performing the experiment at
the data, giving a cross section of 5.lx1 10 8 cm2. krypton pressures of 500 and 1000 Torr. Since

photodissociation of Kr 2 F* takes place at this
wavelength resulting in the immediate formation of

mean, as determined from the least squares fit. The KrF (B), doubling the krypton pressure increases the
uncertainty is much larger in the N2 and KrCl cases, formation rate of Kr 2F* from the newly formed KrF by
since low fluences resulted in more limited data. a factor of four. If this increase in Kr 2F* density were

to have interfered with the fluorescence suppression
Discussion measurement, it would have resulted in the

measurement of a smaller cross section at 1000 Torr.
Powell and Jancaitis 15 performed absorption However, the results at the two pressures were

experiments on electron-beam pumped Ar/Kr/F 2  identical. The possibility of there being an error in the
mixtures using a KrF laser whose output was raman- value of the absorption cross section due to neglecting
shifted in H 2 and D 2 , simultaneously producing the feeding term in eqn. (2) (Kr2 F reformation from the
12 lines ranging from 206 nm to 423 nm. They KrF photodissociation product) is currently under
determined from computer model predictions that investigation. 17
Kr 2F* was the dominant species present at the time the In addition to examining pressure effects, the
probe laser was fired, and attributed their results to effect of pump laser wavelength on the cross section
Kr 2 F* absorption. Their spectrum is similar to the one measurement has been examined by Geohegan. 1 8

shown in Fig. 3, and they also observed an increase in Since the ArF laser photons excite krypton atoms,
the cross section at 225 nm, but were unable to make a there is another pathway to form Kr 2 F*; either through
definite identification of the absorber at that the KrF excimer, or by the process
wavelength. It is clear that this is also due to Kr 2 F
(42 r) absorption. Kr* + 2 Kr - Kr2* (9)

From these results, it is unclear whether Kr2 F* Kr2 + 2 -) Kr 2 * (9)
absorption at 248 nm excites a bound upper level, a Kr2* + F2 

"# Kr2 F* + F (10)
state that immediately dissociates, or high vibrational
levels of an excited state that quickly relax. Recent Since under the general conditions of low Kr density
studies of Kr 2F* absorption have shown that absorption the formation rate of KrF from the krypton metastable

is much larger than that of reaction (9), it has been
TABLE I. Kr2 F (42 ) absorption cross sections. assumed that the Kr 2 F* is predominantly formed

through KrF. However, the presence of large amounts
of Kr2 * in the cell would complicate the cross section

(nm) G(10"18 cm2) determination, because it may not be true that the
pumping term in eqn. (2) is small when the probe laser
is fired. In Geohegan's measurement, he found that

193 1.8 the 351 nm absorption cross section measured under
222 8.6 conditions of KrF pumping, which results in
248 0.8 photodissociation of F 2 and photoassociation of KrF
306 5.1 directly, was within the experimental uncertainty of
337 7.0 the value obtained in the ArF pumped case. Therefore,
351 5.4 it is extremely unlikely that error is introduced by

pumping with ArF.
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Kinetics Experiments to as low as 125 nm.
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Abstract

This work is the first attempt to investigate the possible mechanisms of the radiative
(VUV field induced) momentum transfer or coupling between the molecular perturbers and
high-n Rydberg absorbers. A phase space approach using correlation functions is proposed
for the interpretation of these processes in the gases. It is found from the density
shift study, that the atomic and the anisotropic molecular polarizabilities are related to
a single "active" correlation function component which is coupled to the correlation
function describing high-n Rydberg transitions. We propose VUV and Raman study of the
number density effects for some of the following systems (HF, NH C?H 4 , H2 CO, C0 2, HCN,
C2H 2,and CH CN). In order to give a proper description of the totaT response function of
t e medium (Rhe polarizabilities and their correlation functions) we are alsolinterested
in the investigation of their Raman and Rayleigh spectra (from - 0 to 50OOcm ). The
Raman spectra of some substituted iodomethanes (CH 3I, CHO2I and C0 3 1) are presented. The
results of the study indicate that the role of electrons in the observed VUV transitions
should be questioned and investigated in terms of their correlation functions. While it
is commonly believed that the electron excitation mechanism is a requirement for all
Rydberg transitions and the appearence of progressions, this may not be so. Indeed, these
high-n transitions may be too "slow"-"dephasing" in absorption is too fast- to reach the
electron excitation processes, so that they have no real physical significance.

Introduction

The pressure induced shifts and broadenings of the spectral lines of alkali metal
absorbers, by non-resonant atomic and molecular perturbers, have been measured for at
least 50 years. However, our recent study of CH 3I and CH 6 in H2 was one of the first
attempts to investigate the effectl of a molecular perturber on the high-n Rydberg
transitions of molecular absorbers . Some of the high-n VUV absorption spectra of Me
molecu 2 es wire found to shift linearly2 ith the 2 umber density of atomic Ar (0.6x1O u-
7.5x1O cm ) and molecular H (0.9xl -D.5xlO cm - ) perturbers. The origin of the
Rydberg transitions is commonly associated with the electronic excitation mechanism (the
electron orbitals). Therefore, the shif s of the high-n Rydberg spectra of the alkali
metal atoms were first analyzed by Fermi in the framework of the electron scattering
model. According to Fermi, the total spectral shift is a sum of a scattering term, and a
polarization term. The size and sign of the scattering term depends on the so called
electron scattering length a of the perturber gas and varies linearly with the number
density. It is assumed that the Rydberg electrons behave as if they are almost completely
"free", with very small kinetic energies ("slow" electron model). For the calculation of
the observed pressure shifts, the model suggests the use of the experimental data from the
elastic scattering of low-energy electrons by foreign gas (perturber) atoms. In that case
the value of a is related to the values of the response functions that describe the
response to the electron impact. In the framework of that model, the value of a must be
derived from the line (density) shift measurements or low energy-electron scattering.

The so called Fermi formula modified by the Alekseev-Sobel'man polarization term can
provide a satisfactory fit of some of the measured shift data. The total energy shift of
a high-n Rydberg state is expressed as a sum of two terms:

A(p) = ± (2 Fif' 2/m) ap-9.87(a e2/2)2/3 (hv)l/3 p (1]

where p is the number density, m is the electron mass, a is polarizability and v is the
relative thermal velocity of the absorber and perturber. The first term in (1) is the
scattering term, the second is the polarization term.

However, for the molecular perturbers such as H2 there is an unexpected gradual
increase of the shi'i. rate with n quantum number for the system H2 /C H5 . Also, the
electron scattering lenghts obtained in that study are lower than-va~us from other
Rydberg shift studies. The electron scattering cross sections (a 4R a ) of rare gases as
measured by pressure shift methods agree with cross sections near zero electron energies
obtained from electron swarm data, while in the case of H, the valiue obtained from swarm
data is more that 50% higher than that from pressure shif? studies .
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5
A recent empirical model , however, provides a linear correlation between the electron

scattering lenghts a, as measured by a pressure shift method, and the polarizabilities a
for He, Ne, Ar, Kr and Xe gases. Although the polarizability is known to be one of the
parameters in the theoretical models for calculation of electron scattering lenghts, this
correlation is constructed by fitting the atomic polarizabilities to the experimental
electron scattering lengths. This purely empirical correlation is different in intent
from other models developed for rare gas atoms. It is aimed at usage of only one
parameter, the polarizability, which itself is a measure of the perturber's response to
the applied (VUV/optical) field. As a result, a consistent phase space approach using
correlation functions to the interpretation of the observed spectra is possible.

Phase-space approach to the radiative momentum transfer: Correlation functions for linear
and nonlinear VUV/optical processes in gases

This work is an attempt to give a brief description of the possible mechanisms of the
radiative (VUV field induced) momentum transfer or momentum coupling from/to atomic or
molecular perturbers to/from the absorbers. It is the distinct characteristic of this
physical model that both the absorber (high-n Rydberg) as well as the perturber (Rayleigh
to Raman) are considered as active in the VUV field. The reasoning and physical models
applied here could be compared with the mgdels of optical parametric processes in the
mixtures of atomic and/or molecular gases and with the phase-space models using
correlation functions or causality relation. As a common denominator to all these models,
the knowledge of the time-scale (relative phase) of the momentum transfer processes
(induced polarizability or absorption/emission) relative to the excitation field as well
as relative to the coupling between the response functions of the absorbers and perturbers
is important. Therefore a common phase space is mandatory for the representation of the
coupling between the correlation functions (their "phase-matching") of the active
constitutents of the system in the field. The density effects themself are also known to
be phase-dependent. For example, the Rayleigh scattering which is "in-phase" with the
incident radiation is expected to show interferences due to the change of number density,
or presence of other molecules. Raman scattering, which bears an arbitrary phase relation
to the incident radiation is expected to show an additive scattering from individual
centers.

In a simple form, for non-resonant Raman scattering, the differential sc 9 ttering cross
section (per molecule) can be given as a function of a correlation function

d2 a/ddcos = kdt expfi(cs-wo)t C() (2)

and the (time-dependent) correlation function is given as:

C(t) =Y Pn <nl Z_(o) % (t) I n> (3)

n
where the symbol a represents the polarizability tensor. More generally, the calculation
of the correlation functions, C(t) is a problem related to the phasg space approach to the
momentum transfer calculations for any well-defined physical system . Also, in the case
of an absorption spectrum, the correlation function similar to (3) describes correctly the
response function (or momentum transfer) if the polarizability operator describes the
absorption process (different symmetry properties and the selection rules, or relative
phase for example). The calculation of the correlation functions C(t) is, however, the
same type of physical problem for both types of momentum transfer processes, and can be
done in the same phase-space. It is well known that in the case where the Kramers-Kronig
calusality relation can be applied, the correlation function can be given in terms of its
real and imaginary parts.

Instead of the explicit calculations, one may ask whether the value of the correlation
function can be extracted from some other measurement of polarizability. In our case the
question is whether the polarizability of the perturber can correctly describe the
"effective" or "active" correlation function of perturbers in the phase space that
describes density shift effects in the VUV transitions of absorbers. One does assume here
that the non-resonant polarizability does not change significantly in optical/VUV region,
and that the measured polarizability is not a nonlinear function of density. The opposite
cases are well known, so that caution is necegsary if this assumption is taken into
account. Indeed, we find a surprising result : a linear correlation does exist between
the electron scattering lengths a, as measured by number density shifts, and the
polarizability a of the atoms He, Ne, Ar, Kr and Xe. The best fit of the experimental
data is described by

a=alo + a2  (4)
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where a and a are cited in atomic units and a1 and a are constants, their values being
a1 =-0.26 and a2 =1. 18, respectively. The success of the correlation should be attributed
to the relatively large range of the atomic polarizabilities of these gases as well as to
the specific character of the high-n Rydberg transitions: their relation to the ground and
excited states or resonant transitions. The interpretation of the possible physical
parameters related to the extracted empirical constants, a, and a2 and the calculation of
their theoretical values is a subject of an 3 ongoing investigati9 n. Since these atomic
polarizabilities cover the range from -1.4a, for He to -27.2 a, for Xe, it is clear that
the relation (4) describes both blue (He) as well as the red (Xe) shift as a linear
function of the atomic polarizability. The parameter a? is a "zero polarizability" shift,
with a value which is approximately close to the Xn H (in the limits of standard
deviation). However, the full meaning of the a2 in the relation with the correlation
functions of the rare gas atoms in these processes is not known yet.

In addition to the atomic systems, the first application of a similar relation to
(4) was proposed for molecular perturbers. Here, the effective polarizability of
molecules like H2 and N2 is given in terms of the anisotropic (non-spherical)
contributions:

a = a1  (a,,- 5j) + a2  (5)

and the isotropic (spherical) polarizability was used for CH4 . The algorithm (5) gives
correct predictions of the measured values of a also for these molecular systems. As as
consequence, the correlative algorithm was found with excellent predictive capability for
these atomic and molecular systems. Also, a linear additivity of scattering potential,
given in terms of atomic polarizability,has been observed for He:Ar perturber gas
mixture. An "gffective polarizability coordinate" was estimated for the mixture of the
two rare gases .

The successful application of relations (4) and (5) to the calculation of the parameter
a suggests that there is one single "active" correlation function that contributes the
observed number density effects. The "non-resonant" or "off-phase" character of the
function is expected as the result of the additivity of the density effects (linear
shift). This is particularly important in the case of the anisotropic molecular
polarizability ( au-a )which cannot be confused with a simple "in-phase" character. In
the language of the common phase-space model, the observed role of the composed
anisotropic polarizability is then a direct result of its single "active" correlation
function component, which is coupled to the correlation function describing the high-n
Rydberg transitions. The local (molecular) character of the correlation function is then
preserved in the density shift effects. The question is whether this is a rule more than
exception for some other (even larger) molecular systems, where a number of active modes
(rovibrational, for example) contribute to the total response function and therefore
correlation functions have a more complicated phase dependence. It is also interesting to
compare various different molecular properties that may depend on the same "active"
correlation function as the scattering length parameter a in our density effects study.
These properties include the magnetic field induced response functions, such es the
magnetic birefringence and dichroism, as well as some time-dependent (transient) effects,
such as resonant and non-resonant quantum beats. We therefore propose VUV and Raman study
of the number density effects for some of the following systems: HF, NH 3, C2 H4 , H CO, HCN,
C2 H2 and CH 3 CN in order to test their "active" polarizability contribution(s)-or ?he
correlation function components(s). These molecules are expected to cover the regions of
blue (HF, NH 3 ) and red (other molecules in the series) shifts. The calculated scattering
lengths a from relation (5) for these systems are presented in Table 1. The experimental
data for molecular polarizabilities are taken from ref. 10-17. In comparison with H2 and
N2 these molecules absorb strongly at lower frequencies and this does not allow their use
in the similar experimental conditions. Therefore different experimental conditions are
necessary for the study of these molecules as the non-resonant perturbers of high-n
Rydbergs.

Raman spectra and Correlation functions of Iodomethanes

In this work, we have begun an investigation of !e molecular Raman spectra of
iodomethanes in the visible region. The spectra were obtained with a Raman system which
consists of a Coherent Inova Ar laser, ISA-1000 spectrometer and a data aquisition system
with an IBM XT computer. The excitation wavelengths were 514 and 46 hm. The object of
this investigauon is twofold. First, we are interested in the role of the so called
"out-of-phase" or Raman contributions (Stokes and Antistokes) to the total response
function of the perturber medium and in the role they may play in the number density
effects in the high-n Rydberg transitions. In this "scale" of values of the phase
relative to the incident field, the polarizability related to the "in-phase" or Rayleigh
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Table 1. Calculated scattering lengths from equation (5). The
experimental data for molecular polarizabilities are taken
from References 10-17

MOLECULE a,.(ao3) otao3) (a, -czA )(ao3) a(ao)(caf-)

HF 6.59 5.1 1.49 .79

NH3 16.27 14.33 1.94 .68

C2H4 36.34 24.49 11.85 -1.90

H200 18.83 12.95 5.88 -.35

002 27.2 13.02 14.18 -2.51

HCN 26.52 12.99 13.53 -2.34

02H2 31.92 19.37 12.55 -2.08

CH3CN 38.73 25.98 12.75 -2.135

Count /Sec X 10E3 
I

7.00G

a

5.60G

4. 20
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3000.0 2400. 0 1800.0 1200.0 600. 0

Fig. 1 Raman spectrum of CH3 1 molecules (Stokes)
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Fig. 2 & 3. Raman spectra of CHD3 1 Stokes (upper) and Antistokes (lower)
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region was considered to be the most important in the equations (4) and (5). Second, we
are investigating the relations between the "in-phase" and "out-ofmPhase". RFyleigh and
Raman components, respectively. Such relations are known to exist 1 o for some spectral
parameters (such as polarization, intensity, etc.). The measured spectral line patterns
are investigated here in order to establish the correlation function for a molecule in the
phase space describing the radiative momentum transfer process from incident fields. This
includes also the measured parameters, such as the line frequency ratio or the intensity
ratio. They are associated with the corresponding "patterns" in the phase space. As the
result of the study the molecular momentum transfer mechanism can be given in terms of a
phase-space correlation function including the incident field parameters as well as the
molecular response. A brief description of a simple phase-space model is given here. The
more elaborate analysis of the molecular correlation functions is out of the scope of this
paper and will be given elsewhere.

The phase space approach using correlation functions for molecules can be associated
with the phase space analysis of the motion of the field driven pendulum. For one degree
of freedom, the response function of the system will give a spectral structure in the form
of a Lorentz line. Although the Raman spectra, as well as molecular spectra in general,
are not expected to show a well-defined Lorentz (or Gaussian) line, it is sometimes useful
to find the possible "critical points" or common characteristics, that can relate the
observed spectral patterns with such a phase space Lorentz-correlation function. One of
such points of interest is expected to be the one at the maximum (or minimum) of the
derivative of the Lorentz line. Here, the "width of the derivative line" (from its
maximum to minimum) is equal 2//3T2 where T2 refers to the parameter known as the2 2

"relaxation" time. In the case of the Gaussian line the corresponding width is equal
2/T?. Assuming one effective relaxation time (T scale) the relative phase differences in
a spectral line pattern converging to a "resonan? pattern" (example given by a Lorentz
line) are then expected to be given as a function of the frequency ratio of the
consecutive lines.

The measured Raman spectra of CH I is presented in Fig. 1. The Stokes and Antistokes
spectra of CHO I are presented in Figs. 2 and 3 respectively.1 The features in the Raman
spectra of CH are observed at (+and-) 524, 1241 and 2949cm and th~se in the spectra of
CHUI)? at (+an -) 493, (+and-)_YO1, 753, 100y, 1161, 2179, and 39 15cm- The frequency
ratio for the lines at 1306cm and 3020cm- of the CH 4 molecule is -V3/4 (one-half of the
coefficient in the derivative of the Lorentz line "width"). For the lines at 501 and
1161cm of the CH02I molecule there is the same value of the frequency ratio. However,
for the lines at 130 5cm ant 2179cm for the same molecule the ratio is /2 and for the
lines -t 100cm- nd 501cm it is -2. The ratio between the frequencies of the lines a
753cm and 501cm is 3/2. For the CH I molecule the ratio between the 1241 and 2949cm-
as well as the ratio between the 524 ang 1241cm is -(V3/4), and for he C0 I molecule:
940/2140- 13/4. The intensities of the lines at 3015, 2179 and 501cm of CO2I molecule
with the ratio (1:4:8) or (1:5:9), indicate that they may belong to one of the two
progressions with the different effective "spins". One with the values 0,2,4 corresponds
to the intensity distributions (1:5:9). Indeed, the ratio of the frequency differences
between the second two and the first two lines is -1/2, and the "vibrational-like"
structure and corresponding Gaussian-type ("convex") intensity distribution may be
expected. On the other hand the low-intensity "progression" it The same molecule shows
the frequency ratio of 3/i, (1129 relative to the line at 753cm etc.) for the three
lines: (1129, 753, 493cm ). The distribution of their intensities is then expected to be
Lorentz-like ("concave"). In the [H34 molecule (Fig.1) there are only two lines for the
"1/2" progression: (2949, and 524cm ), and the "3/2" progression has a line at 1241cm
and is very likely to have another line close to the 524cm " It is interesting to
compare this results with the Raman spectrum of I molecule. While these molecules show a
combination of the two spectral "progressions" ("1/2" and "3/2" r9 tio), the 12 molecule
shows a (A J=-1,-1) splitted (doublets) vibrational distribution.

Discussion

The introduction of the proposed phase-space correlation functions in the form of
atomic and molecular polarizabilities allows a new insight in the physical processes that
contribute to the high-n Rydberg transitions. First, the accent is given here on the
time-dependent field-induced (radiative) correlation function which describes the behavior
of the system, instead of the parameters of the electrostatic models. The application of
equations (4) and (5) for the calculation of the electron scattering length parameter a
and the introduction of the calculated a in the equation (1), leaves the first,
scattering, term in this equation entirely dependent on the polarizability. Consequently,
this large term can be interpreted as the response function of a perturber to an external
field, and this (radiative) process is then in a great deal responsible for the observed
number density effects in high-n Rydberg transitions. The second term is again the
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polarization term, which in the case of the spectra of the atoms and molecules discussed
here has a quantitatively less important contrihution. It has been realized earlier that
according to the separation in "electronic scattering" term and the "polarization" term in
the equation (1) for the density shift, the Ar atoms have polarization contributions of
35% and Xe atoms of about 10%, regardless of the much higher polarizability of Xe. our
results confirm the experimental finding and also give an explanation of the role of
polarizability contribution of Xe in equation (1). The relition (4) gives also a
quantitatively correct "scattering" term value for Xe, because the scattering length
parameter is a linear function of the perturbers polarizability. Our finding that the
atomic and the anisotropic molecular polarizabilities are related to a single "active"
correlation function component which is coupled to the correlation function describing
high-n Rydberg transitions is also in agreement with the observed n-dependence in the
H /C 6 H 6 system. Contrary to the atom-atom or atom-molecule systems, in the molecular
absorber-molecular perturber systems the coupling of correlation functions can give a more
complicated "active" component(s), which are also n-dependent. In that case the
differences (n-dependance) are due to the "active" correlation function components of
absorbers. A nonlinear coupling of these functions is also possible, .aading to the
broadening of the lines or to the nonlinear effects. It is an open question, however,
whether the resultant "active" component will then behave more like an "in-phase" or
resonant component or not. The n-dependent behavior ut the "blue" perturbers in
comparison with "red" perturbers may also be different. The differences between the swarm
(electron impact) and the photon impact values for a should be expected, because their
time-dependent response functions are different.

Second, the question is to what extent is the electrostatic "slow" electron model valid
(or even compatible) in the phase space approach. Indeed, we have substituted the
parameter a, attributed to the electrostatic slow-electron scattering, by the incident-
field induced response function. It should be pointed out that no differences of density
shifts in the slow-electron model are expected between various different atomic or
molecular electrons of absorbers, as long as they are in the appropriate field (high-n)
region. That means that the correlation function associated to the electrons (only)
should be completely atom or molecule independent ("free" electrons). The key to the
resolution of this slow-free-electron enigma in the phase space approach could be in the
information about the phase of the electron correlation function relative to the incident
field, absorber and perturber. We do expect that the electron excitations by an incident
field are fast processes, so that the corresponding correlation function C(t) should be
evaluated at a very short time. The quantitative parameter is not incorporate in the
electrostatic model. This would leave the excited electron with an "active" correlation
function completely different from those of the other constituents. Also, a momentum
transfer from electrons to the environment should be expected quite different from the
predicted kinematic parameters in the slow-electron model. An electron "relaxation" as
seen in the spectral structure, should be described by the electron correlation function
as well as by the other atomic and molecular processes. Nevertheless, the very existence
of the high-n Rydberg transitions (progressions) is possible only if a certain phase
"coherence" is achieved. In other words, at a certain point in going from simple atomic
to larger molecular systems the high-n Rydberg progressions may cease to exist. The
number density effects show that the atomic and molecular perturbers to a larger or lesser
degree contribute to this constraint imposed on the existence of the high-n Rydberg
progressions. This indicates the need for a parallel cooperative-competitive radiative
momentum transfer mechanism, which depends strongly on the phase-matching conditions. As
a consequence, the results of the study already indicate that the role, and consequently
the physical parameters (momentum, velocity, trajectory, etc.) associated with the real
electrons in the observed VUV transitions in atoms and molecules should be questioned.
While it is commonly believed that the electron excitation mechanism is a requirement for
all Rydberg transitions and the appearence of progressions, this may not be so. A
parameter such as the relative phase between the correlation functions describing the VUV
transitions and other transitions can give a proper description of the nature of high-n
Rydberg transitions (states) in the phase space. Indeed, these high-n transitions may be
too "slow"-or "dephasing" in the correlation function describing the absorption is too
fast- to reach the electron excitation processes, so that they have no real physical
significance. This despite the seemingly close position in the spectra to the ionization
threshold. Also, there is a question about the relative origin of Rydberg progressions
and the parameters in the spectroscopy of molecular systems. A poE ible phase space
approach to the calculation of the parameters related to the processes & the momentum
transfer from resonant fields is a subject of an ongoing investigation.
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Abstract - Various transient grating experiments are performed to study the phase coherence,
diffusion and recombination of excitons in CdS, CdSe and CdSSE mixed crystals. At low
temperatures and excitation densities we observe dephasing times of 40 ps in CdSe and 75 ps
in CdSSe. The dephasing times decrease with increasing values of these parameters. At
higher densities an electron-hole plasma is generated. In this case the dephasing times
are in the fs-range. In the mixed compound we observe a reduced, but non vanishing mobility
of excitons in the localized band. The diffusion coefficient is <2 cm 2/s.

1. Introduction
The relaxation of optically excited electron-hole pairs (excitons) in semiconductors is
a fundamental physical process of light-matter interaction. There are a variety of possible
relaxation mechanisms, depending on the material and excitation conditions. The relaxation
of excitons involve the dephasing, intraband relaxation, diffusion and recombination. The
dephasing of excitons occurs by interaction with impurities, phonons and other excitons.
Thereby the coherent coupling between the exciton and the light field is destroyed. During
or after this initial scattering process the excitons may relax energetically in a band
under emission of phonons and recombine finally radiatively or nonradiatively. Thus, the
relaxation involves three steps, each with a characteristic time. T2 for the dephasing, T1
for the intraband relaxation and Tr for the interband relaxation. In pure compounds the
dominant scattering mechanisms of resonantly excited excitons are the ones with acoustic
phonons and collisions with other excitons or lattice defects.
In the mixed compound CdSSE the compositional disorder gives rise to a fluctuating band
gap, which localizes excitons 1,2 . The width of the fluctuating potential increases with
decreasing localization depth. Therefore two different models of localization are relevant.
For deep localized states the potential well is narrow. In this regime only the hole is
trapped and binds the electron by the Coulomb force. When the diameter of the well becomes
larger than the exitonic Bohr radius, the exciton is localized as a whole. The square root
behaviour of the density of free exciton states is therefore modified by the localization,
resulting in an exponential tail of localized states below the extended states. It turned
out that the transition region between localized and free excitons is spectrally located
at the high energy side of the observed luminescence band, approximately where the lumines-
cence has dropped to 1% of its maximum value 1,2 . The localization influences the relax-
ation of excitons. Dephasing for localized excitons occurs by phonon scattering, by tunne-
ling to other localited sites and through radiative decay. The scattering of localized
excitons with other excitons should be reduced in respect to free excitons. At low tempe-
ratures, where the interaction with phonons is reduced, long dephasing times for localized
excitons are expected. The only possibility of an localized exciton to migrate through the
crystal is by phonon-assisted tunneling processes. That means, excitons relax stepwise
within the localized band tail to the lowest possible energy state. Therefore the diffusion
is reduced and the radiative recombination is enhanced with respect to excitons in pure
materials.

2. Transient Grating
We studied the dynamics of excitons with a transient grating experiment. This technique
yields information on dephasing, recombination and diffusion. In a transient grating expe-
riment, three successive light waves, with the electric fields El(kl,wl), E2 (k2 ,w2 ) and
E3 (k3 ,w3 ), propagate in a thin slab of the material at different times tf t2xt3 and gene-
rate a nonlinear polarization wave. A proper choice of the experimental parameters (these
are the photon energies 1,11w 2 and 4 , the arrival times of the pulses on the sample
tilt and t3 and the direction of the pulses i,1' 2 and x .and their amplitudes Ei.or in-
tensities Ii ) enables us to measure the different relaxa ion times and the diffusion co-
efficient. With a sufficient time resolution, i.e. when the pulse length is shorther than
the characteristic relaxation~tie,.the dephasing time T2 can be measured in a two beam
configuration with w1=' =wl, kllk 2 =k3 and t1 zt2 =t3 , outlined in Fig. la. Here one of the
pulses enters twice in the mixing process and the selfdiffracted signal I is propagating
into the backgroundfree 212-t1 direction. The dephasing time is measured gy a correlation
technique, i.e. I is measured as a function of the delay T1 2 between the pulses #1 and #2.
The decay of the correlation trace for T,2>0 reflects the dephasing. For an inhomogeneously
broadened transition the asymetric tail of the trace decays exponentially with 4T12 /T23-5.

In the configuration l=w2= '0, lk2xk3 and t1=t2zt 3, two temporarily coinciding pulses
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set up a real population grating from which the delayed third pulse will be diffracted
into the k3 (k2-k1 ) direction (see Fig. lb). Within the coherence time pulse #3 is diffrac-

S

a) __b)
.2 -

Fig.l: Shematic drawing of a transient grating experiment for dephasing measurements
(a) and to determine the diffusion coefficient and recombination times (b).

ted at a polarization grating, discussed above, resulting in a coherent artefact. For
longer delays T13>T 2 the third pulse probes only a real population grating. A population
grating decays within the grating lifetime T . From the decay of such a grating the diffu-
sion coefficient D and the recombination times Tr can be extracted when the angle between
the exciting beams is varied. T- is given by:

T19= T-1Ir + _4 (i)T 1 -Ig 4ir2D()

A=Xegc/ 2sin8 is the grating constant, with the angle 6 between the beams #1 and #2.
In t quasi-stationary excitation condition without time resolution the above mentioned
decay times can be measured in the frequency domain, by means of a nondegenerate four wave
mixing (NDFWM) experiment. Here the excitation is provided by pulses with slightly diffe-
rent frequencies, generating a moving grating. The grating efficiency as a function of the
detuning of the pulses yields also information on the kinetics of carriers.

3. Experimental arrangement
In the time resolved experiments we used synchronously pumped ps dye lsers. The pulse
length varied between 1.4 ps and 8 ps. The pulse energies were < l1J/cm. The quasi-statio-
nary excitation has been performed with ns pulses, delivered by an excimer laser pumping
two dye lasers. The laser beam was split into two or three beams, in the time resolved
experiments with variable delays between them and focused onto the sample. The high purity
samples were placed in a temperature variable He cryostat. The diffracted light has been
analyzed by a spectrometer and mogitored by an OMA. A detailed description of the experi-
mental set-up is given elsewhere .

4. Dephasing of free and localized excitons
Fig. 2 shows the reflexion R of a CdSe sample in the spectral region of Ar5 (n=l) exciton
and the nolinear resonances of the first diffracted order I. at an excitation intensity
of 50kW/cm and at 4.2 K. I, has three pronounced structures around 1.825 eV, 1.8225 eV
and 1.820 eV. The nonlinearity at the exciton transition is caused by exciton-exciton
(x-x) interaction. The second resonance is the formation of biexcitons by two-ph ton ab-
sorption (TPA). This nonlinear process has been studied intensively in the past -. The
nyglinear signal at 1.820 eV is ascribed to the induced exciton-biexciton (x-b) transition

. For this process the necessary exciton population is excited by the high energy wing
of the laser. An exciton with 1.825 eV absorbs a photon with 1.820 eV to form a biexciton.
This transition is easy to saturate, because of the low exciton population. The x-b tran-
sition and the exciton transition yield information on the kinetics of excitons in the low
and high density regime, respectively. At this resonances we measured T2 by the cgrrela-
tion technique, discussed in the previous chapter. T2 of the TPA is described in
Strong x-x scattering is also seen in the density dependence of the dephasing times. Expe-
rimental correlation traces at the exciton resonance at three different densities are shown
in Fig. 3. The dashed curves are calcualted correlation traces from an inhomogeneously
broadened two-level model. FrT thi fits we extract T2 and the inhomogenous linewidth F.
At an exciton density Nx=4 .10 cm-' we observe T2 =12 ps (curve al Wish increasing Nx the
nonlinear signal increases and T2 decreases ty 5 ps at Nx=l.4.10 cm (curve c). From the
density dependence of the scattering rate T2  we assume that mutual collisions of the
excitons destroy the phase coherence.
In Fig. 4 and Fig. 5 the corresponding spectra are shown for localized excitons. In Fig. 4
the transmission, the luminescence (L) and the first diffracted order Is are plotted
versus the photon energy in CdS0 6 5Se0 35 at 4.2 K. In the mixed compound we observe spec-
trally broad nonlinear resonance, energeEically coinciding with the luminescence from lo-
calized excitons. We attribute the nonlinearity to a bleaching of the localized band. In
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Fig 2: Spectral dependence of the non- Fig 3: Experimental (full line) and calcula-
linear signal (scale to the right) and ted (dashed curve) correlation acei at the
the reflexion R (scale to the left) in exciton transit ion. - a) Nx=4"10 cm- , T2=12
a C d S e s a m p l e a t 4 .2 . T h e i n c i d e n t p s 1 6 ( b ) N x = 

8 1 0 " 'c m-, T= 7os . ( c ) N x =I. T
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, T 2 =5ps; =9 meV.

the maximum of Is at 2.225 eV we measured T2 of localized excitons. The excitation is close
to the transition between localized and extended states and therefore the exciton is pre-
sumably trapped as a whole. Experimental correlation traces at three different densities
are shown in Fig. 5. Each correlation trace exhibits a two component decay. The fast ini-
tial decay within z 400 fs, is a contribution from off resonant excited free excitons. The
spectral width of the laser is 2 meV and the excitation into the extended states is
possible. At this density the dephasing is even faster than the dephasing for free excitons
in pure CdSe, because of additional scattering at the fluctuating potential. The slower
component is ascribed to the dephasing of localized excitons. The dashed curve e fits
from an inhomogeneously broadened two-level system. T2 is with 75 ps at N =3-10Ncm -(Fig.
4, curve a) twice as large as Ti in pure CdSe. The long dephasing time indicates that
localized excitons suffer less from scattering with impurities d other excitons. As in
the pure material we found a decrease of T2 with increasing Nx
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Fig 4: The transmission T (scale to the Fig 5: Experimental (full curve) and theore-
left) and the selfdiffracted signal Is  tical (dashed curve) correlation traces at a
at'f 2 =0 (scale to the right) as a photon energy hw = 2.225 eV for different
func ion of photon energy. Also the lu- excitation densities, resulting in dif ereit
minescence L of the localized excitons phase relaxation ti s T?. a) N 3 "10 icm -

is shown. T2 =7 s; b Nx= 8 -10 cm - 3 , T2 = 3ps; c) Nx=

9.10i cm - , T2 =6ps.

5. Diffusion of localized excitons.
In the three beam configuration of our transient grating experiments a delayed weak probe
pulse reads the population grating set up by two coinciding intenae pump beams. We measured
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the grating lifetime in CdS0 4 Se0  5 at four different photon energies, 2.068 eV, 2.071 eV,
2.074 eV and 2.078 eV, in the localized states. We varied the grating constant A in the
range from 4 to 6.3w. In Fig. 6 (a,b) the diffracted intensity Is is plotted versus the
delay T 1 3 . Each figure shows two curves at one photon energy and two different grating

100 100

_ CdSo 45 Se. 55  
b)

Z' 1-KU A 6p
zZ

w A 26m

> wU

100 200 300 400 500 0100 200 300 400 500

DELAY T13 (PS) DELAY T13 (PS)

Fig. 6 (a,b): Diffracted signal I. of pulse #3 on a grating set up by pulse #1 and
pulse #2 (see also Fig. lb) versus delay T3 (-rI2 = 0 ) for two photon energies. Each
Figure shows diffraction curves for two different grating constants A . a) hw=2.068eV;
Tq=345 30ps (A--2 m), T,=400 40ps(4.41im); b) hw=2.078eV; Tg=660 140ps (A=6.3 m), Tg=

290 15ps {0=2wm).

constants. Throu Y9out 3the measurements we changed the intensity to keep a constant exciton
density of Nx 10 cm- . In Fig. 6a we observe a fast decay of a coherent grating, followed
by a slower component of the incoherent population grating. This coherent part is not seen
at higher energies (Fig. 6b). This peak decays with 8 ps and is attributed to a nonlinear
contribution from the laser itself. At a photon energy of 2.068 eV, well in the localized
states the grating decays with T =350 ps and 400 ps (a). At an excitation closer to the
transition region the grating lifetimes are T = 660ps and 290 ps (Fig. 6b). The relaxation
timie of a population grating is given by (1.gThe grating lifetime Tg is independent of A
for deeper localized states and decreases with decreasing A at higher energies. We eva-
luate T r and D from the experiments, by plotting T 

- ± as a function of A- .The slope of
the straight lines determines D and the point of Yntersection with the Ta- axis give the
recombination rate. We found a small D=0.3 cm /s for deeper localized staqes. D increases
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smaller than for pure CdS and CdSe 12-14 . This result verifies that the mobility is
strongly reduced for localized states, but not zero. Excitons can migrate through the
crystal by phonon-assisted tunneling processes. We do not yet understand the increase of
the recombination lifetime with decreasing localization. At 2.078eV (b) Tr is 2ns, whereas
at 2.068eV (a) T is 0.416ns. This behaviour is in contradiction with data deduced from
the time-resolve5 photoluminescence, which indicate an increasing lifetime with increasing
localization depth 15-17 . Further work is planned to elucidate this problem.
We summarize these results in Fig. 7, plotting the diffusion coefficient D versus the
photon energy. For a better illustration the luminescence is shown. In agreement with the
discussion above the diffusion increases with decreasing localization depth.
In a NDFWM the initial excitation modulation is moving with a velocity va u w=(W I -W 2 ). If
the distance the grating moves during the characteristic relaxation time (here T and Tr)
is comparable or larger than A, the grating is smeared out and the scattering effilciency
drops. Therefore the grating efficiency reflects for smallA, incoherent processes and for
large coherent processes. This is demonstrated in CdS and CdS%3Se0 3, in Fig. 8, where
is is plotted versus the detuning w at Iexc= 3MW/cm and fml=2. eV and Aw=2.290eV,
respectively. In both samples we observe a narrow spike around zero and a slightly asymme-
tric shoulder for larger A&u . From the FWHM of the spectra the relaxation times can be
estimated. At Iexc=3MWgm 2 an e-h plasma is generated in Cdf 4 and in CdSSe the localized
states are saturated . We found in CdS T2=0.5ps and Tr=

8 0ps. In CdS0 7 Se0 3 the corres-
ponding value for T2 is 3ps. Here the spike cannot be resolved, but an upper value is ins.
These data are in good agreement with data from time resolved measurements, discussed in
the previous part.

CdS
I  

oCdS° ' 
Se,,

T=1OK '

o
/

.InI

-24 -20 - 16 2 -8 -4 0 4 8

DETUNING OF THE EXCITING LASERS (meV)

Fig. 8: Intensity of the first diffracted order in 5dS (e) and CdS 0 .7 Se 0 .3 (o) versus
the detuning , in a NDFWM experiment. Iexc= 3MW/cm

5. Summary
We investigated the relaxation of excitons in CdS, CdSe and CdSI SO X mixed crystals. At
low exciton densities we found dephasing times of 40 ps and 75ps for free and localized
excitons, respectively, decreasing with increasing density. We have demonstrated that the
mobility of excitons in the localized states is strongly reduced and governed by tunneling
processes.
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APPLICATION OF A NOVEL PICOSECOND PULSED LASER DRIVEN
X-RAY SOURCE IN TIME RESOLVED DIFFRACTION EXPERIMENTS

B. Van Wonterghem and P.M. Rentzepis
Department of Chemistry

University of California, Irvine, CA 92717

Abstract

We have constructed a novel picosecond x-ray (PxR) source to be used for time resolved x-ray diffraction.
The PxR source consists of a metallic photocathode which is excited by a Nd:YAG pulsed picosecond laser. More
than 3 nC of electrons has been produced with a tantalum photocathode excited by the 266 nim 4th harmonic.The
accelerated electron bunches strike a copper anode and generate 6.2 x 106 Cu Kot x-ray photons cm-2 .sr-1 with a
time width of less than 70 ps. The detection method and experimental system for PxR diffraction is described and
examples for its application are presented.

Introduction
Technological developments in lasers and x-ray opticsl have made it possible to design x-ray lasers2 and short

duration x-ray pulses 3 . Two convenient means for tabletop picosecond x-ray pulse generating devices are: I)
Soft x-ray emission from excited plasmas generated by focussing short high intensity laser pulses onto a solid
target4 , 2) By means of electron pulses in x-ray diodes activated by picosecond laser pulses, striking a metal or
semiconductor cathode 5 . In this discussion we will not be concerned with large expensive systems such as
synchrotrons and fusion type laser facilities, but rather concentrate upon table-top relatively inexpensive set ups.
A high intensity pulsed laser system used for the generation of soft x-ray lasers has been described recently by
Murnane et al.6 ,7 , and high energy systems based upon chirped-pulse amplification have been reviewed by
Pessoit et al. 8 ,9 . We will present our femtosecond high intensity laser scheme for plasma-induced x-ray laser
pumping in another publication. In this paper we shall present only the source and diagnostics of pulsed laser
induced picosecond x-rays generated by means of ultrashort electron bunches. Some applications to time resolved
x-ray diffraction will also be described.

Traditionally x-ray diodes are operated using thermionic emission as electron source. Even when driven by
ultrashort laserpulses, these cathodes have a long response time and are therefore not suitable for picosecond
pulse x-ray generation. Therefore we have employed photoemission as a means of generating ultrashort electron
bunches and subsequently x-ray pulses. Photoemission is known to have extremely short response times, so the
electron current follows essentially the laser pulse intensity.

Even though the quantum efficiency of semiconductor cathodes such as Cs3Sb is much higher than the one
exhibited by metals at the visible and ultraviolet region of the spectrum, we find that the damage treshold for
Cs3Sb is too low for the generation of high intensity electron bunches at relatively high repetition rates and
acceleration potentials. In addition, the ultra-high vacuum requirements, and the depletion of cesium under the
10-10 Torr vacuum are sufficient disadvantages which prompt us to examine other photocathode materials in
which these problems may not be found. A very serious problem is the high resistance of several types of
semiconductor photocathodes. The extremely high peak currents generated by laser pulses cause resistive heating
and local ablation of the surface. Metallic surfaces compare favorably with semiconductor cathodes even though
the quantum efficiency are lower. Several of the metallic surfaces which we have used are relatively resistant to
atmospheric gasses , therefore they do not require the ultra-high vacuum conditions which are mandatory for
most semiconductor cathodes. The metal photocathodes have a much longer useful lifetime and are easier to
prepare. Using a tantalum thin film as the photocathode and picosecond 266 nm pulses from a pulsed modelocked
Nd:YAG laser, we generated electron bunches with a charge of 3 nC per pulse. These electron pulses were
accelerated and focussed onto a copper anode, inducing x-ray pulses with a brightness of 6.2x 106 cm-2sr- 1 at the
KcA wavelength (1.54A). The pulsewidths were measured using an x-ray streak camera.
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Experimental

The photocathode consists of a cylindrical, polished nickel substrate, 15 mm in diameter, and mounted onto
a high voltage feedthrough, which is attached by bellows inside a small vacuum chamber, maintained at a
pressure below 2x10-9 Torr by ion pumps. A schematic representation of the chamber which houses the electron
and x-ray source is presented in figure 1. The photocathode substrate fits into a a Pierce focussing electrode An
additional field shaping electrode was added to increase the extraction field near the photocathode surface.

EXCITATION LASER PULSE

266 nm, 18 ps, Imi

+HV
COPPER ANODE

QUARTZ
WINDOW

Figure 1. Schematic diagram of the operation
X-RAY PULSE of the laser driven x-ray diode. Photoelectrons

ELECTRON BERYLLIUM created by a frequency quadrupled Nd:YAG
PULSE ,'WINDOW laser pulse on the tantalum photocathodeare accelerated towards the copper anode. The

+10kV resulting x-ray pulse is monitored througha beryllium window.

XTRACTIONELECTRODE

TA FILM CATHODE DISC "FOCUS
_____ELECTRODE

Tantalum, workfunction 4.16 eX, was deposited by resistive heating of a thin, high purity, tantalum coil. While
the tantalum deposition takes place, the photoemission current induced by a low pressure Hg(A) lamp was (253.7
nn) was monitored. When this photocurrent reached a maximum the deposition was stopped. The occurrence of
a maximum can be attributed to the formation of a Ni-Ta compound 10,11 At this point the photocathode has a
deep dark blue color. A photocurrent of over 100 nA was obtained by illumination with 100 .tWcm - 2 at 253.7
nm.

Because of the high work function of tantalum (4.16 eV), we use a frequency quadrupled Nd:YAG laser,
producing 20 ps pulses with an energy of 2 mJ per pulse and a repetition rate of 20 Hz. The emission current
characteristics of the Ta photocathode are shown in figure 2 as a function of potential difference between anode
and cathode and the laser pulse energy respectively. The low energy part of the current, which is below the space
charge limit is found to increase as the square root of the diode voltage. This is attributed to the Schottky
effectl2. The external accelerating field acts in a manner that lowers the effective work function Oeff in
accordance with the relationship Oeff = Oo - e3/2E 1/2 , where e is the electron charge.and E the applied field
increases the number of emitted electrons. Consequently the quantum efficiency will increase with the applied
field. Even though the maximum charge as function of voltage relationship does not follow the E dependence for
spacecharge limited current flow, we find that the production of electron charge per pulse increases as a function
of incident photon energy, as shown in figure 3, for applied voltages of 15 kV and 30 kV. Experimental data
show that because of space charge saturation the quantum efficiency decreases at the higher incident laser
energies. Our experimental data show that catastrophic surface damage and high voltage breakdown occurs at
energies above 20 mJcm-2, resulting in a permanent photocathode damage. At 50 kV, a value of 3 nC per
electron pulse was the maximum charge measured for this diode configuration.
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Ihe electrons emitted by the photocathode are subsequently accelerated to 50 kv and focused on to a toroid-
shaped anode. The anode is made of copper and is maintained at a high positive potential. The electron pulses
interact with the copper anode forcing the emission of Cu Kcz x-ray photon pulses which exit the vacuum
chamber through a thin beryllium-foil window. A bent germanium crystal monochromator disperses and focuses
the x-rays onto the sample. The duration of the x-rays pulses was measured by an x-ray streak camera fitted with
a low density CsI photocathode 13. We determined the pulse width of the x-rays at 50 kV anode-cathode potential
difference to be less than 70 ps(l). This value is an upper limit for the width of the x-ray pulses because the
transit time spread of the streak camera has not been taken into consideration. The intensity of the x-rays pulses

Incident Energy Anode-Cathode Voltage

1.0 o 0.24 mJ/pulse o 15 kV
13( 0.034 mJ/pulse

' 3 0 30 kV
S0.8 00

U0

0.66
,. 0.6 ' 0.1 . /

0.4
U 0.01 '-

0.2

0.0.
10 20 30 40 50 60 1 10 100 1000

Anode-Cathode Voltage (kV) Incident Energy (g.J)

Figure 2. Charge per photoelectron pulse as Figure 3. Charge per photoelectron pulse
a function of diode accelerating voltage, as a function of laser excitation energy at
obtained at two different energies of the 266 two different diode voltages. The straight
nm excitationpulses. lines reperesent the indicated quantum ef-

ficiencies.

was measured to be 6.2x106 photons cm-2 sr-1 by means of a silicon diode array x-ray detector which had a
quantum efficiency of 0.79 for 8keV photons.

The reason for constructing this novel compact source of picosecond electrons and x-rays is to perform x-
ray diffraction experiments with picosecond resolution. The experimental system built for time resolved,
picosecond x-ray diffraction experiments is shown in figure 4. It is composed of a Nd:YAG laser which emits
20Hz, 20mJ, 20ps pulses at 532 nm (SHG). By means of a beamsplitter the pulses are separated into two parts.
One part is converted to the 4th harmonic, 266nm, which is focussed on the photocathode generating the
picosecond electron bunches, which in turn are accelerated and focussed on the anode producing the picosecond
x-ray pulses. As shown in figure 4 the x-rays are focussed onto the sample by means of a Ge-monochromator.
The diffracted x-rays are detected either on a film as Laue diffraction pattern photographs or by real time x-ray
photon counting, position sensitive detectors. The second arm of this system (fig.4) follows the path designated
for the 532 nm beam and performs the function of an excitation or pump beam. It should be noted that although
we discuss only the use of 532 nm excitation wavelength. Other wavelengths are easily generated by means of
common wavelength conversion techniques such as harmonic generating crystals, stimulated Raman or dye lasers
pumped by the picosecond laser. The two pulsed beams, laser pump and PxR probe, are synchronized to arrive at
the sample either at the same time or at a preselected delay by translating either of the two delay stages,
designated in figure 4 as VD1 and VD2, by increasing or decreasing the optical path length and therefore the
transit time of either beam. The principle and means for achieving this synchronization is shown schematically in
figure 5.
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The detector is a most important component of this system because the number of diffracted x-rays is very
small and may be masked by dark noise of the detector or thermoluminescence of the phosphor employed to
convert electrons to photons. To overcome these difficulties we constructed a position sensitive detector based
upon a phosphorscreen (P3), which is fiberoptically coupled to a very high gain image intensifier, lens-coupled
in turn to a saticon camera, as shown in figure 6 The intensifier has an active surface of 12 by 8 mm and is a of a
hybrid type, consisting of an electrostatic focussing stage, coupled to a double microchannel plate multiplying
stage. The total gain exceeds 108, while the dark count at room temperature is less than 2 electrons per second.
To increase the data collection efficiency, there is a need to collect as many diffracted x-rays as possible. For this
reason, a larger phosphor screen was coupled by a 5:1 fiberoptic reducer onto the intensifier surface. The saticon
camera was connected to a real-time video processor. The data is displayed on a monitor and analyzed by a
microcomputer. The disadvantages of this detector are mostly associated with the phosphor and consist of

VDI
t  position sens. CLC EA

detector surface M 266 run

V--t~--c

Ge foc. 53253 rmonoc 20 mJ 20p- LS

V 532run Excitation pulse

N-YAG Timing diagram:

Aasr AtA

VD2

Figure 4. Picosecond time-resolved x-ray diffraction Figure 5. Schematic representation of the excitation
experimental set up. VDi represent variable optical and probe scheme. Time resolution At is obtained by
delay lines. A sample is excited by the 532 nm pulse, the time delay between excitation laser pulse and the
and a delayed backscattered diffracted X-ray pulse is x-ray probe pulse. The time resolu 'on of the detector
recorded by a position sensitive x-ray detector as a itself is not important.
probe.

thermal noise and flashes induced by radioactive elements contained as impurities in the phosphor and the fiber
optic glass. To avoid the noise of phosphor and the disadvantages of the small size detector surface, we are
constructing a new large area CCD camera for direct x-ray imaging, using a Ford Aerospace Corp 2kx2k CCD
chip. Because of its rather large active area, the relatively high conversion quantum efficiency for 8keV photons
(15%), low number of dark counts when used at low temperatures, and the elimination of the phosphor, we
expect that this camera will allow us to achieve a very high signal to noise ratio. The operation of the 2kx2k
CCD camera will be described in a forthcoming communication in conjunction with further PxR diffraction
experiments. However the general scheme for the detector is similar to the description by Janesick et al. 14 . A
schematic representation of the detector is displayed in figure 7. The general characteristics of the two x-ray
imaging detectors are described in table I where the advantages (+) and disadvantages (-) are presented for
comparison purposes.
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Figure 6. X-ray position sensitive detector
-based upon a phosphorscreen, coupled to a
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Utilizing the experimental system shown in figure 4 with the modifications presented in figure 8 we are able
to perform for the first time picosecond time resolved x-ray diffraction experiments. The sample consists of a
Ge (111) crystal bent for maximum reflection of 8 keV x-ray photons, this way the set up resembles a sensitive
double crystal monochromator.The x-ray diffraction spectra are recorded before excitation. This diffraction
exhibits the normal diffraction pattern characteristic of this surface. In a subsequent experiment a laser pulse
impinges upon the Ge (111) crystal causing lattice distortion. A picosecond x-ray pulse is synchronized to arrive
at the sample at the same time as the laser light pulse. The rocking curve of the disturbed surface, recorded by
the diffracted x-ray pulses reflects the changes in the structure caused by the laser interaction with the crystal
surface as a function of time. The time resolution of the experiment is essentially equal to the time width of the
x-ray pulses utilized which is approximately 70 ps, measured by an x-ray streak camera. The pulse width of the
laser and x-rays pulses are.shown in figure 9. By deconvolution of the pulses it is possible to achieve better time
resolution. It must be noted, however, that this is an upper limit because the transit time spread within the streak
camera and photocadhode has not been taken into account.

At the present time we are constructing a 3kHz regenerative amplifier system consisting of two coherent
Antares heads which after pulse compression are expected to generate 1057 nm pulses with 5 mJ energy per
pulse and 10 ps pulses. Using this system to drive the x-ray diode, we expect to increase the average x-ray power
and subsequently the amount of time resolved diffraction data, initially, by a factor of 150. Further
improvements will be made in the source efficiency, repetition rate and detection system and we expect that the
data acquisition rate will be greatly increased. We are performing several other simple time resolved PxR
experiments such as melting and crystallization and dissociation which will allow us to calibrate the PxR system

TEMPERATURE VACUUM
CONTROLLER CHAMBER

0.3 mm BERYLLIUM

Figure 7. CCD-based detector for direct
X-RAY imaging of Cu Ka X-rays on a large area,

liquid nitrogen cooled CCD. The camera is
read out at a speed of 50 kHz and usually
4x4 pixel binning is employed to increase
the data acquisition rate.

2Kx2K CCD(FORD Aerospace) LN2 DEWAR

SURFACE: 9 cm, CCD-CONTROLLER AND

READOUT SYSTEM

GPIB BUS

792



.A- 1.06 j, 50 mJ, 20 ps M

Focussing
Cathode Monochromator X-Ray AREA DETECTOR

Anode - tBe-Window

C 3  Primary Focus -

<111 > Diffracted Beam

266 n M Quartz Viewports

IlmJ

Figure 8. Time-resolved Bragg diffraction of laser induced surface effects on a Ge (111) sample.
Upper laser pulse excites the sample, while the lower beam is used to drive the x-ray diode.

and provide a data base which is necessary for subsequent large molecule diffraction experiments. Other
aDplications including time resolved molecular holography, plasma diagnostics and x-ray diffraction of
metastable species are also in the planning stages.

EXCITATION LASER PULSE
(18 ps FWHM)

Figure 9. Streak camera record of Cu Ka x-ray
X-RAY PULSE pulses generated by illuminating a 'ra photocat-

hode by 266 nm laserpulses and accelerating the
electron pulse over 50 kV to a copper target.

'5 The streak camera was equipped with a CsI pho-
. tocathode for detection of the x-ray pulse and a
4Au photocathode for the laser excitation pulses.
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1. Phosphorscreen +Image Intensifier + Saticon
(+) Real Time (30 frames/sec)

Very low Image Intensifier Noise < 2 cts/sec at room temperature.
Dynamic Range not limited by detector system

(-' Small active area: 8 by 12 mm, medium resolution (15 lp/mm).
Backgound due to thermoluminescence of the phosphorscreen
Flashing (high intensity large area signals) rate: 5/min.

2. Phosphorscreen+5:l Fiberoptic Reducer + Image Intensifier + Saticon
(+) Real Time (30 frames/sec)

Very low Image Intensifier Noise < 2 cts/sec at room temperature.
Dynamic Range only limited not limited by detector system
Large Area: 40 mm diameter.

(-) Low resolution (3 lp/mm ).
High backgound due to thermoluminescence of the phosphorscreen and fiberoptic taper
Increased flashing rate: 150/min.(larger collection surface)

3. Direct Imaging on Large Area CCD chip
(+) Low dark noise (0.0025 e-/s.px) and readout noise (<11 e-/px)

Large active area (30 x 30 mm)
Large signal induced by 8 keV x-rays: 2300 e-, energy resolution allows for
discrimination against backgound.
High resolution, 15x15 .t pixel size.

(-) Low dynamic range (<50 x-rays/pixel)
Low readout rate ( 50 kHz pixel conversion rate)
Possibility of radiation induced dark noise increase

Table 1. Comparison of some essential characteristics of the three position sensitive x-ray detectors applied
in this work.
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PHASE CONJUGATION BY DEGENERATE FOUR-WAVE MIXING IN SATURABLE-DYE-DOPED PLANAR WAVEGUIDES

Shigeki Miyanaga and Hirofumi Fujiwara

Department of Applied Materials Science, Muroran Institute of Technology
27-1 Mizumoto, Muroran 050, Japan

Abstract

Phase conjugation by degenerate four-wave mixing (DFWM) was demonstrated in saturable-
dye-doped polymer waveguides with a cw Ar-ion laser. A nonlinear waveguide consisted of a
few-pm-thick transparent poly-vinyl alcohol (PVA) film layer partly doped with saturable
dyes, erythrosin B and eosin Y, which was spin-coated on a Pyrex glass substrate. The DFWM
excitation was performed as follows: two pump waves impinged upon the interaction region
nearly perpendicularly to the film from the outside; a probe wave was coupled into the TE
mode of the waveguide by a prism coupler. Maximum reflectivities of the phase-conjugate
wave (PCW) of 0.16 % for the erythrosin B/PVA film and 0.2/1 Th)r the eosin Y/PVA film were
obtained outside the waveguide at the pump intensity of about 1 W/cm 2 , which correspond to
the PCW reflectivities of 0.53 % and 0.91 % inside the waveguide, respectively. Transient
properties of the PCW reflectivity were also investigated.

1. Introduction

Phase conjugation by degenerate four-wave mixing (DFWM) has potential applications in
many fields1 from the fact that the phase matching can be performed for a wide field of
view 2 . If a phase conjugator is incorporated into an optical waveguide, a compact device
suitable for all-optical signal processing is realizable based on nonlinear optical effects.
In addition, the use of waveguides offers some advantages: a long interaction length is
available; light intensity is increased inside the waveguide by virtue of optical beam con-
finement. So far, the phase-conjugate wave (PCW) qenerated by DFWM has been observed in
optical fibers 3 '4 and in planar-optical waveguides - .

In a 3-m-long CS2-filled optical fiber with a core diameter of 4 jam
4 , a PCW reflectivity

of 0.45 % was obtained by using a cw Ar-ion laser, in which a long interaction length and an
optical beam confinement are effectively used. In a semiconductor-doped planar-optical-
glass waveguide 6 , a PCW reflectivity of 0.8 % was observed inside the waveguide excited by a
Q-switched-pulse laser. For the device applications, it is desired to find the materials
that have sufficient nonlinearlity at cw low-power levels and are easy to get a sample in
waveguide form. From these points of view, we have demonstrated the generation of PCW by
DFWM with the cw Ar-ion laser in a planar-optical waveguide which consists o5 a transparent
part and a saturable-dye-doped part of a poly-vinyl alcohol (PVA) film layer . In this
report, we present further experimental results for the PCW reflectivity. Transient proper-
ties of the PCW reflectivity are also considered for two cases: 1) when only a probe wave is
turned on and off; 2) when both pump and probe waves are turned on and off.

2. Geometry of DFWM process

Figure 1 shows the geometry of DFWM process. There may be considered several types of
DFWM geometry. Here, two counter-propagating pump waves impinge upon the interaction region

Transparent PVA filmvPump

wave
Saturable-dye-

doped PVA film

Fig.1 Geometry of the DFWM process. m
Two counter-propagating pump beams coupler
were adjusted to expose the fluores- Pump
cent streak produced by the guided wave
probe wave on the boundary of the Probe wave
dye-doped region.

Phase -conjugate
wave
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nearly perpendicularly to the film layer from the outside; a probe wave with the same polar-
ization as the pump waves is coupled into the TE mode of the waveguide by a prism coupler
and is propagated to the interaction region. The interaction scheme is a standard DFWM with
the probe wave at right angles to the pump waves.

The absorption of dyes will lower the efficient generation and guidance of the PCW. To
eliminate this, the transparent PVA film layer which is partly doped with saturable dyes is
used as the guided part, and the boundary of the dye-doped PVA film layer is the interaction
region. Thus, the two pump waves together with the guided probe wave are adjusted to be
superposed on the boundary of the dye-doped region. A diameter of the pump beams was about
2 mm. The input prism coupling efficiency was found to be about 30 %. The DFWM geometry
used here has the advantages: the long interaction length is obtainable as the DFWM interac-
tion occurs along the propagation direction of the guided probe wave, while the absorption
of the pump waves is reduced by the low concentration of the doped dye and a thin film (a
few )im thickness).

3. Fabrication of dye-doped PVA waveguides

In this experiment, erythrosin B and eosin Y were used as saturable dyes, which were
doped in the polymer film of PVA. Because these dyes have a strong absorption at the wave-
lengths of an Ar-ion laser and a long lifetime of their excited states, they can generate
the continuous PCW at the light intensity of the order of 1 W/cm2 . A PVA waveguide was fab-
ricated as follows: the transparent PVA solution was first poured onto a cleaned Pyrex fused
glass plate and was spin-coated; the PVA solution with a proper amount of dyes was next
poured onto the half part of the glass plate, and again was spreaded by a spin-coating; the
plate was dried at about 40 degrees centigrade temperature for about one day. The fabri-
cated waveguide was a multi-mode waveguide with a film thickness of about 3 Pm.

Because the dye-doped PVA diffuses into the transparent PVA during the fabrication pro-
cess, the boundary between the transparent and the dye-doped PVA layer blurs, and the ab-
sorption coefficient gradually varies across the boundary. Figure 2 shows the variation of
a transmission as a function of the distance from the boundary for an erythrosin-B-doped PVA
film. This measurement was perfoumed with a low intensity laser beam with a small beam di-
ameter. The transmission decreases to about 0.75 at a distance of 2 mm from the boundary.
The guided probe wave, however, can penetrate only a shorter distance than 2 mm into the
boundary of the dye-doped region by virtue of the absorption of the dyes. Thus, the DFWM
interaction occurs around this boundary region where the transmission for the pump waves is
relatively high.

1.0
00

0. 5

'-0.5

Fig.2 Variation of a transmission T
around the dye-doped region for an
erythrosin B/PVA film.

II I

0 2 4 6 8
Distance from the boundary

L (mm)

4. Experimental setup

Figure 3 shows an experimental setup. The cw Ar-ion laser beam with the wavelength of
0.5145 jim is divided into three beams: two pump beams with equal power and a probe beam with
the same polarization as the pump beam. A reflection-to-transmission ratio of the beam
splitter BS1 is about 1 to sixteen. The probe beam power is further reduced by a pair of
polarizing prisms. For the coherent interaction of the beams, the path lengths of the three
beams were adjusted to be within a coherence length of the laser. A sample of the waveguide
was equipped with an X-Y mechanical stage mounted on a rotating table, which enables one to
adjust the incident probe wave to the coupling angles of guided modes. The PCW retraces the
path of the probe wave, and is detected by a photodetector. Mechanical choppers, MC1 and
MC2, and a digital storage CRT were used for measuring transient PCW.
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5. PCW reflectivity

5.1 Steady state PCW reflectivity

Figure 4 shows the variation of the PCW reflectivity as a function of the pump wave in-
tensity for an erythrosin-B-doped film. Here, the reflectivity is defined by the ratio of
the beam power of the prism-outcoupled PCW to the beam power of the probe wave incident upon

the prism coupler. A maximum reflectivity of 0.08 % was obtained at the pump intensity of2.0 W/cm 2 in this sample. If an output-coupling efficiency of the prism coupler is 100 %,

the prism coupling efficiency of 30 % corresponds to a PCW reflectivity of 0.27 % inside the
waveguide. In the DFWM using a dye-doped bulk film without a waveguide structure, it has

been shown that the PCW reflectivity decreases as the probe intensity exceeds the pump in-
tensity 8 .  For this reason, thee e intensity was adjusted to be about 0.2 times the pump
intensity by means of the beam splitter BS1 and the polarizing prisms in Fig.3.

10
- 3

10- 4

Fig.4 Variation of PCW reflectivity R as
a function of pump intensity I p for anerythrosin B/PVA film.IO 1 I ,,I

0.1 1.0
lp (W/cm ' )

The PCW reflectivity dependences on the pump intensity are shown in Fig.5 for an another
erythrosin B/PVA film, and in Fig.6 for an eosin Y/PVA film. Maximum reflectivities were
0.16 % for the erythrosin B/PVA film and 0.27 % for the eosin Y/PVA film at the pump inten-
sity of about 1 W/cm 2 . These values correspond to 0.53 % and 0.91 % inside the waveguide,
respectively.
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Fig.5 Variation of PCW reflectivity R as Fig.6 Variation of PCW reflectivity R as
a function of pump intensity I for an a function of pump intensity Ip 7or an
erythrosin B/PVA film. eosin Y/PVA film.

In Figs.4 to 6, the PCW reflectivity dependence on the pump intensity is slightly differ-
ent from sample to sample. This variation may be due to the non-uniformity of the dye con-
centration near the boundary of the dye-doped region and the influence of the beam profile
of the pump waves. It is because the overlap integral of the amplitudes of three beams in
the interaction region determines the magnitude of the nonlinear interaction of three beams.
For the penetration length of the probe beam into the dye-doped region shorter than the di-
ameter of the pump beams, the efficient DFWM interaction occurs, but for the longer penetra-
tion length of the probe beam, the DFWM interaction weakens. The penetration length of the
guided probe wave is severely affected by the spatial distribution of the dye concentration
near the boundary of the dye-doped region. In our fabrication process of the film, it is,
at present, difficult to control the spatial distribution of the dye concentration near the
boundary of the dye-doped region. Removal of the pump-beam size effects is possible by
using a higher power laser and expanding the pump beams (available pump intensity is limited
to about 1 W/cm

z 
in our experiment).

5.2 Transient PCW reflectivity
Since the nonlinear interaction by DFWM is caused by the saturable absorption of dyes,

the transient behavior of the PCW reflectivity is closely related to the time constant for
the electronic population of saturable dyes to reach their steady state. The characteristic
time constantT is given by

9

= T p/(1+I/Is) , (1)

where Tp is the phosphorescent lifetime, I is the intensity of incident light and I s is the
saturation intensity. Thus, more intense light realizes faster the steady state of dyes.

Two cases of the transient behavior were considered in the eosin Y/PVA film. In Fig.3,
the mechanical choppers MCI and MC2 were used to measure the PCW reflectivity 1) when only
the probe wave was chopped, and 2) when both pump and probe waves were chopped. The transi-
ent PCW signal was recorded by a digital storage CRT. The significant difference between
two cases is in that in the case 1) the dyes in the film is well pumped by the pump waves
before the incidence of the probe wave, while in the case 2) they are in their ground state
before the simultaneous incidence of the three waves.

5.2.1 Chopping of probe wave Figure 7 shows the storage CRT traces of the transient PCW
signals for four values of the pump intensities for the case 1). In this case when the
probe wave is turned off, the PCW signal is generated until the saturable absorption grat-
ings vanish, because the pump waves are always illuminated. The rise time and the fall time
are found to be shorter with the increase of the pump intensity. This duration is closely
related to the time constant of Eq.(1), although it is not exactly identical to Eq.(1)
through the DFWM processlO.

Since the dye-doped film is well pumped by the intense pump waves before the incidence of
the weak probe wave, the transient behavior of the PCW reflectivity is expected to obey
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Fig.7 Storage CRT traces of the transient PCW
signals for an eosin Y/PVA film for the pump
intensities of (a) 0.6, (b) 1.2, (c) 2.4 and
(d) 4.5 W/cm 2 , when only the probe wave was
chopped. A time scale was 5 msec/div.

Time (5 msectdiv)

simple exponential curves both in rising and falling duration with this time constant. It
is shown that the rising and the falling PCW reflectivities obey the exponential curves of
E1-exp(-t/Tr)) 2 and [exp(-t/Tf)J 2 , respectively, for sufficiently small absorption coeffi-
cient and sufficiently weak pump intensity1 0 , where tr and ICf are the rise time and the fall
time.

Even when the above condition was not exactly satisfied, the measured waveforms of the
rising and the falling PCW signals were well fitted with these exponential curves. Values
of the rise time and the fall time were determined from the curve-fitting. Figure 8 shows
the variation of the rise time and the fall time as a function of the pump intensity. The
rise time and the fall time have almost the same values except for low pump intensity, and
decrease with the increase of the pump intensity. The disagreement of the rise and the fall
times for the pump intensity of 0.6 W/cm 2 may be caused by background noise superposed on the
weak PCW signal. Rise and fall times tend to approach the phosphorescent lifetime of eosin
Y (about 5 msec) for the lower pump intensity.

5.2.2 Simultaneous chopping of pump and probe waves Figure 9 shows the storage CRT
traces of the transient PCW signals when both pump and probe waves were chopped. The wave-
forms of the transient PCW signals remarkably differ from those when only the probe wave was
chopped (see Fig.7). Firstly, no PCW signal is generated in the falling duration because
both pump and probe waves are turned off. The performance of the mechanical chopper deter-
mines the fall time in this case. Secondly, a transient peak appears in the PCW signals for
high pump intensity in the rising duration.

The appearance of these transient PCW peaks is qualitatively explained by referring to
Eq.(1) as follows. When both pump and probe waves are simultaneously turned on, the inter-
ference patterns between them are formed in the film. Thus, the absorption coefficient is
spatialy modulated according to the interference patterns, which means that the saturable
absorption gratings are formed in the film. From the viewpoint of a holographic model, the
generation of the PCW is explained as a result of Blagg diffraction of pump waves by the
saturable absorption gratings and the PCW reflectivity is proportional to the contrast of
the saturable absorption gratings. In the formation of the saturable absorption gratings,
the electronic population of the dyes existing around peaks of the interference patterns
reach their steady state faster than that of the dyes around bottoms of the interference
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and (d) 4.5 W/cm 2 , when both pump and probe
wave was chopped. A time scale was 5 msec/
div.

Time (5 msecldiv)

patterns. Therefore, for high intensities at a certain time in the transient state, the
contrast of the saturable absorption gratings can take a higher value compared with that in
the steady state, and the transient peak appears at that time in the transient state.

6. Conclusion

In this report, we have demonstrated that a planar optical waveguide consisting of a PVA
film partly doped with saturable dyes can generate the PCW by DFWM with the relatively low
intensity light from a cw Ar-ion laser. In the DFWM process, two counter-propagating pump
beams impinged upon the interaction region nearly perpendicularly to the surfaces of the
film from the outside, and a probe beam was introduced into the waveguide by a prism coupler
with a coupling efficiency of about 30 %.

The PCW reflectivities of 0.16 % for the erythrosin B/PVA film and of 0.27 % for the
eosin Y/PVA film were obtained at the pump intensity of about 1 W/cm 2 outside the waveguide,
which correspond to the PCW reflectivities of 0.53 % and 0.91 % inside the waveguide by
assuming a 100 % prism-outcoupling efficiency.

Two cases of the transient PCW reflectivity measurement were conducted in the eosin Y/PVA
film. When the probe wave was turned on and off, the transient PCW reflectivities showed
nearly exponential behaviors with a time constant of the order of the phosphorescent life-
time. The time constant increased with the decrease of the pump intensity and tended to
approach the phosphorescent lifetime for the lower pump intensity. When both probe and pump
waves were turned on, the transient peak PCW appeared for the high pump intensity.
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NONLINEAR MAGNETO-OPTICS OF VACUUM

A. E. Kaplan and Y. J. Ding
Department of Electrical and Computer Engineering,
The Johns Hopkins University, Baltimore, MD 21218

Abstract
The photon-photon scattering of intense laser radiation predicted by QED can give rise to

second harmonic generation (SHG) in a dc magnetic field due to broken symmetry of the
interaction. The laser energy required to observe this effect can be achieved by using available
laser facilities and the state-of-the-art photon-counting technology.

Photon-photon scattering in a vacuum1 is perhaps one of the most fundamental mechan-
isms which can give rise to nonlinear optical effects. From the classical point of view, the
expected nonlinear interaction [see below, Eqs. (1) and (2)] essentially corresponds to the
third-order nonlinearity 2. This interaction may contribute to the birefringence of the refrac-
tive index seen by a probe field under the action of either a dc magnetic (or electric) field 3 or
intense laser pumping 4 , as well as to multi-wave mixing processes 5 . To the best of our
knowledge, no experimental work on this phenomenon has been done.

In this paper, we demonstrate the feasibility of new nonlinear magneto-optical effects in a
vacuum that give rise to optical second harmonic generation (SHG) of the fundamental wave

under the action of both strong dc magnetic field and high intensity optical laser radiation6 .
We also propose an experiment for the observation of this effect. The advantage of using the
SHG effect is twofold. Since only a second-order effect for the optical field is involved, the

3-5
laser power required to observe SHG is much lower than in previously proposed effects
The SHG can also be measured at a frequency different from the fundamental frequency
injected into the system, which may result in higher sensitivity.

From the Heisenberg-Euler lagrangian1 for photon-photon scattering in quantum electrg_
dynamics (QED) theorypne obtains the following expressions for the electric displacement D
and magnetic induction B

D=E+DL; D -L [2(E 2  HE+7H(E H),(1)= --HZ)E +7HNE "n)]

-' ; -B H12(E )H - 7E(E "H)] (2)

where =c/45rH2 =2.6 x 10-32 Gauss- 2 is a nonlinear interaction constant in the vacuum
with ce=e 2/ tfc = 17137 the fine structure constant and H, mc 3 /eEi=4.4 x 10' 3 Gauss the

QED critical field. These equations are valid only if the nonlinear corrections DNI and B
are small, which holds if JE I = 1H I << Ha. It is obvious that a single monochromatic plane
wave of infinite extent does not exhibit any nonlinear effects, because it has the properties,

E2 =H 2, E.H=0, and the nonlinear terms in Eqs. (1) and (2) vanish. This "degeneracy" of
the nonlinearity is broken if either (i) the wave is non-planar or non-monochromatic or (ii) a
strong static field (e.g., a dc magnetic field) is present. Both cases can result in birefringence
of the refractive index for a probe field3 '4 . We show here that a dc magnetic field can also
give rise to second-order nonlinear optical effects similar to those found in nonlinear materi-
als 2 . In general, the optical second-order nonlinearity can give rise to the generation of a third
wave (at frequency w2 = wa ± wb) from two intense laser beams at frequencies Wa and wb (i.e.
the sum and difference frequency generation). Here, we consider only SHG in which wa ,
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w2 = 2wj. However, our calculations can easily be generalized for the case w,, $wb.

A4sum nng tht a singleunperturbed fundamental wave, described by the fields El and
H, =(kl/IklI)×El (where k, is tJe wave vector of the field), propagates in vacuum in the
presence of a dc magnetic field, H0 , the nonlinear components in Eqs. (1) and (2) can be
rewritten as

DVL = [-2H2El + 7110 (EI" -Ho)] -I-D 2  (3)

VL =-2 H S 01H -2 l[H0 1 +2H 0 (Ho "H,)] -B' 2  (4)

where
D ) = f [-4Ej1(n'*H)+ 7H (Ej'H'o)], (5)

B2) _ 4-(-4H(H "H0) - 7E (E "Ho)]. (6)

Here, we neglect the third-order nonlinearity caused by the finite size of the laser beam which
may result in self-action effects. It can be shown that in the case of a quasi-plane wave, e.g., a
Gaussian beam with sufficiently large beam waist d, d >> X= 27r/k, this effect is negligible
when E1 <« H0 (d/X) 2 . Nonlinear effects due to gradients in the field distribution will be dis-
cussed by us elsewhere. The terms in square brackets in Eqs. (3) and (4) are linear in optical
field strengths. They result in vacuum birefringence of the refractive index for a weak probe

field ( -E I = [HI1 I << H 0 ) under the action of a dc magnetic field 3 . The first term on the rhs
of Eq. (4) corresponds to dc corrections to the dc magnetic field induced by the magnetic field

itself. Therefore, only the terms D12) and I2), Eqs. (5) and (6), give rise to the optical
second-order nonlinearity. Our estimates also show for the field intensities available now and
in the foreseeable future, the phase mismatch between fundamental frequency and second har-
monics can be neglected.

Because of the spatial anisotropy imposed by the magnetic field, SHG depends upon te
propagation direction and the polarization of the fundamental optical wave with respe. to H0 .
If the fundamental wave propagates along the direction of the dc magnetic field H0 , then
D , -0, and the nonlinear effects are suppressed. The strongest interaction occurs

when the laser radiation propagates in a direction normal to the dc magnetic field. Consider
the general case~of an elliptically polarized wave propagating in the plane normal to the dc
magnetic field H0 =Ho ,,, with its polarizadon lying in the plane normal to the propagation

direction, e.g., kl =ky. Its electric field can be decomposed into two linearly polarized
components along the e^, and e^x axes respectively:

El =Ej(sin81j + cos81 e i e, )exp[i( kjy-wlt )] (7)

where E 1 and w1 are the amplitude of the electric field and the angular frequency of the wave
respectively, 0 is the phase between the linearly polarized components, and the angle 01 desig-
nates the relative amplitude between these two waves (0=0 would correspond then to a
linearly polarized wave with 01 the angle of the linear polarization, whereas 0---ir/2 and
01 =-r/4 correspond to a circularly polarized wave).

The generated second harmonic field at frequency w2 =2w, propagates in the same direc-
tion as that of the fundamental wave. Its electric field after passing through the interaction
length y = L can be calculated using Maxwell's equations with nonlinear terms, Eqs. (5,6),

E 2 = i E2 (sin2 e. +cos 0 2 e 2 e,)exp{i [2 (kjL -w i t) +0-0 2], (8)

where the magnitude E 2 is given by

E 2 =kl L Ho E2 [56( 1 - cos20)cos4 0, +( P6 cos20-23 ) cos 21 + 1611/2, (9)

the angle 02 is determined by

tan02 -2 [(65 - 56cos2)cos 4 01 +(56cos2 -32)cos 2  +1611/2 /3sin28 1 , (10)
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and the phase 02 for the second harmonic is computed as

tan0 2 =-[(7 -4 tan22 01 )/(7 +4 tan2
1 )] tan. (11)

(When 01 = 01. = tan-' (N/7" /2) = 53 degrees, the second harmonic is linearly polarized regard-
less of the polarization state of the fundamental wave.) Consider now the particular case of a
linearly polarized fundamental wave. In such a case, 0 = 0 in Eq. (7), and the second harmonic
is also linearly polarized; the angles 01 and 02 in Eqs. (7,8) are then the polarization angles of
the fundamental wave and the second harmonic respectively, (see insertion in Fig. 1(b)).

'-
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(3/7)/2
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0 53 90 127 180 el

Fig. 1 (a) The normalized intensity I/I, for the second harmonic with its polarization angle
02 with respect to the dc magnetic field (see inset in Fig. 1(b)) versus the polarization
angle 01 (in degrees) of a linearly polarized fundamental wave (solid line); broken line
corresponds to a circularly polarized wave; (b) the polarization angle 02 (in degrees)
of the second harmonic versus the polarization angle 01 (in degrees) of a linearly
polarized fundamental wave; the second harmonic is never polarized in sectors
102 -g 0 0 I > 160. The inset depicts the wave propagation configurations for bth the

fundamental wave and second harmonic with respect to the dc magnetic field HD.
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Eqs. (9, 10) then reduce to

E 2 =kl L H0 E2 (33cos 201 ± 16)1/2; 02-tan -1 [(3cos28
1 +11)/3sin20 1 1,  (12)

(see Fig. 1). Therefore, the ratio of maximum intensity of the second harmonic (which occurs
at 01 =0) to minimum intensity (at 01 =7r/2) is (7/4)2 -3 [see Fig. 1(a)], which can be directly
measured in an experiment. Note that the generated second harmonic can never be polarized
along the direction of the dc magnetic field, i.e., the polarization angle 02 p0 in Eq. (12). A
minimal angle between the polarization of the second harmonic and the dc magnetic field is
V2)m'n -74 degrees, and the corresponding polarization angle of the fundamental wave is
1- o -53degrees, i.e., there is a prohibited sector for the polarization of the second har-

monic, -(0 2)min < 02 < (2)min, see Fig. 1(b). All these polarization properties can be used in
a future experiment to rule out all other (i.e., nonvacuum) nonlinear mechanisms. In the case
of a circularly polarized fundamental wave (0=,7r/2, 01 =7r/4) propagating normal to the dc
magnetic field, the ratio of the maximum intensity of second harmonic for linear polarization
to that for circular polarization is = 10.9 (see Fig. 1(a)).

The state-of-the-art photon counting systems provide a dark photon count rate
rdark -10 photons/s and a typical quantum efficiency 77-0.25. For the ideal spectral filtering
and provided that by using gating, the detector is open only during the laser pulse7 , the
signal-to-noise ratio is SNR = < rdet > & ndark >, where < rdet> = 7< nSHG > is the averaged
number of detected photons per pulse, nSHG is the number of SHG photons generated per
pulse, < ndark > = rdarkTD, and 7- is the duration of a laser pulse. Stipulating now that SNR is
sufficient high, e.g., >102, and considering the case of the normal polarization (01 =7r/2,
which would correspond to the minimal SH photon output), we obtain the lowest intensity I,
and energy Jcr of the laser beam required for such SNR:

I1> Icr(W/cm 2 )-=(1019/HoL)V\/K; Jr(Joules)= --pAI, (13)
where X1 is in pim, A is the laser focal area in cm2, rP is in sec, H0 is in Gauss, and L is in cm.
The minimal A should be chosen as A- XI L/2 suci that the diffraction of the beam is small
within the distance L. With pulsed magnet technology s , the best parameter values are
H0 - 8 x 106 Gauss, bore diameter -- 2.8 cm, and pulse duration- 10 - 6 sec. Therefore, in order
to satisfy the condition, Eq. (13), the laser intensity of Il = 1014 W/cm2 is required, which can
readily be achieved even by using commercial laser systems. In fact, in the laser systems dis-
cussed below, the intensity reaches 1015-1018W/cm 2 , so this condition is satisfied with great
margin.

Since in most of high power laser systems available, < rdetd is of the same order or less
than unity, one has to use averaging of photon counts over a few (usually incoherent) laser
beam lines for a sinqle pulse or/and over many pulses of laser. Assuming a Poisson distribu-
tion of SHG photons , the probability of not observing any SHG photons within N laser pulses
is p =exp(-N< ndet >). Stipulating again that p should be sufficiently small, e.g., < 10-2, we
obtain a condition for the required number of pulses (or number of beam lines for one laser
shot):

N> 2 lnlO/< fldet £"5 X 1036 1ATp/J HoL 2. (14)

The development of new powerful lasers is proceeding at a rapid pace, and a pulse energy
of 1-10 MJ, pulse width of 10-20ns, and repetition rates of 10Hz ' as well as possible genera-
tion of a magnetic field -10 8 Gauss with a pulse duration of 10- 9 sec and bore diameter of 0.1
cm using high power lasers10 , may be only a few years away. However, the intensity (or
energy) required for the proposed experiment even with small N can be achieved using existing
systems. A high power pulsed Nd:Glass laser with either X, -0.35sm (NOVA"1 ) or
X, -0.53gm (GEKKO XII"), ---10-9 sec, can provide the laser energy of 6-10 KJ/pulse in
each of 10-12 beam lines. For this energy < nldet > = 1 in each beam line, and the number of
beam lines required to observe the effect for the normal polarization (01 =7r/2, the worst case)
even within a single laser shot is 4-5, which is therefore attainable. If all the beam lines are
used, the probability p can be greatly reduced, i.e. p--10-6-10 - 4. Most recently, great efforts
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have been made to increase both the output power (intensity) of very short pulse lasers and
their repetition rate (which can be as high as 1-10 Hz). For XeCl 12, Nd:Glass 13, and KrF 14

lasers, < ndet > « 1 and the required number of pulses to observe the effect is -- o 10l-107.
The generation of second harmonic radiation caused by residual atoms and/or molecules

in the laboratory vacuum system can mask the photon-photon scattering effect. In order to
make an order-of-magnitude estimate of the contribution of these residual particles and to
evaluate the vacuum pressure necessary to rule out non-vacuum components in the SHG, we
presume that non-vacuum nonlinearity is mainly attributed to the plasma of magnetized free
electrons, since at the required laser intensities, the residual gas is expected to be highly ion-
ized. The non-magnetized free electrons under the action of intense laser radiation can gen-
erate only odd order higher harmonics; the second-order harmonics can only be originated in
the presence of the dc magnetic field. The numbers of second harmonic photons per laser
pulse, NSHG, for the normal polarization can be obtained using Ref. [15]:

NSHG =27re4 w0 TpEineL/w 1moc2  (15)

where ne is the number of free electron per unit volume and w0 =eHo/moc is a cyclotron fre-
quency of the electron. (It is worthwhile to note that for parallel polarization NSHG = 0.)
Assuming that, on average, each molecule is singly-ionized, and that GEKKO XII laser

(X1 - 0.53psm) and the highest pulsed magnetic field ( - 8 106G) are used, we estimate that
vacuum and free-electron contributions to the SHG become equal at a pressure -- 2 x 10- torr.
Since the vacuum provided by state-of-the-art vacuum technology is better than 0-10-1 1 torr,
the free-electron nonlinear mechanism can be neglected. SHG may also be attributed to two-
photon (and multi-photon in general) excitations in ions of the residual gas; by selecting
appropriate gas and frequency, this mechanism may also be made negligible. Since for the
optical glass components (such as lenses and vacuum chamber windows) the third-order non-
linearity is the lowest-order nonlinearity18 in the absence of dc fields, SHG from those com-
ponents can be eliminated by shielding them from the dc magnetic field. One of the ways to
eliminate masking effects associated with possibility of SHG in laser amplifiers is to use sum
frequency effects (instead of the second harmonic) by employing two lasers with different fre-
quencies. A more detailed evaluation of all these processes could be made only at the design
stage of a particular experiment.

A large product H0 L could exist in many astronomical objects (e.g., in white dwarfs,

where the spectral lines of elements still exist in the optical range17 ); the possibility exists that
a second-harmonic signal generated by some characteristic spectral lines, may be observed and
used to study the nonlinearity of vacuum and intrinsic properties of stars.

In conclusion, we have demonstrated the feasibility of second harmonic generation by the
intense laser radiation in a vacuum which is due to photon-photon scattering in a dc magnetic
field. The laser energy required to observe this effect can be achieved by using available high
power laser systems.

The authors appreciate discussions with C. T. Law, P. H. Y. Lee, and G. A. Swartzlander.
We are indebted to F. M. Davidson for his valuable insights on photon counting. This
research is supported by AFOSR.
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Abstract
High gain quantum-limited image amplification and frequency shifting via difference frequency generation three

wave mixing (Optical Parametric Amplification) has been demonstrated. Near infrared images (X = 1064 nm) at input
signal levels <10 photons per resolution element were amplified in a 355 rum pumped KD*P crystal, frequency shifted
to 332 rum with gains greater than 10' (signal to noise levels near 10), and detected with standard CID video cameras.
The gain parameter space was extensively investigated over 11 orders-of-magnitude gain as a function of input signal
and pump power levels. Resolution was measured for the critical and noncritical phase matching angles. Pump depletion
and diffraction are required to accurately model the results.

I. Introduction
The results of an experimental investigation of the imaging and gain properties of an Optical Parametric Amplifier

(OPA) are reported here. The primary objectives of this effort were to demonstrate and quantify OPA imaging with gain
using existing laser technology and common nonlinear optical materials. The approach involved a series of pulsed laser
experiments that progressed from concept validation to OPA gain characterization and high gain image amplification.

Optical parametric amplification occurs via difference frequency generation Three Wave Mixing (3WM) in
birefringent nonlinear optical materials that allow proper phase matching. Early 3WM imaging experiments concentrated
on sum frequency generation for converting near-infrared images to more conveniently detected shorter wavelengths. 15
In this mode, net gain >1 is not possible. An OPA, however, can provide high gain as well as frequency shifting to shorter
wavelengths. Most of the early OPA work concentrated on the generation and amplification from parametric
superfluoresce-ze as a source of tunable coherent light. -8 Because of the high peak pump powers required, the OPA
was particularly well suited as a tunable source of sub-nanosecond light.9' 2 The OPA was also considered as a phase
conjugator, but the limited field-of-view (FOV) was judged to be a disadvantage. 13-16 This small FOV, however, is ideal
for reducing the noise floor for distant imaging applications. The OPA is currently being used as a tool in the study of
squeezed states since it is not too difficult to operate these amplifiers in the transform-limited regime. 7 What was not
well known at the start of this effort was the performance of an OPA for image amplification and frequency shifting.

Illuminated
Imnage

(rrad FOV) 532nm
Idler

C64n Depleted Sga

Signl Anlified
Sigigna

Imaging KD*P -II
Optics CP utu

OPA Output

CPA Input Idler

Stial S"

Time 31 Tirn .

Figure 1. Schematic diagram of OPA image amplifier.
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Figure 1 shows a schematic diagram of an OPA setup for image intensification as performed in the experiments. A
weak signal beam (S) at 1064 nm was imaged into the KD'P crystal. An intense, pulsed short wavelength pump beam
(P) at 355 nm was mixed with the signal (temporally and spatially overlapped) in the crystal at the proper phase matching
conditions. For the experiments a type-H phase matching was used so that the S and idler (I) beams could be separated
by polarization as indicated in the drawing. The pump pulse duration was chosen to gate sufficient signal photons into
the OPA and the pump pulse intensity was adjusted to achieve proper gain. The OPA gain is determined by input signal
power and output Signal-to-Noise (S/N) requirements. Both the amplified signal and generated idler (532 nm) have
phase information and were detected.

H. Experimental Ss=
A Nd:YAG laser operating at 1064 nm was used as the OPA pump source and target illuminator. This laser could

be configured for either mode-locked or Q-switched operation.

The high gain experiments were performed using the active-passive mode-locked oscillator and double passed
amplifier configuration. The oscillator produced a train of mode-locked pulses from which a single pulse (20 to 30 psec
duration) was electro-optically selected for amplification. The single pulse duration was checked with autocorrelation.
The single pulses were magnified, spatially filtered, and double pass amplified.

A schematic diagram of the OPA laser imaging experimental setup is shown in Figure 2. The three beams at 1064,
532, and 355 nm were separated with a quartz prism. The 1064 nm beam served as the target illuminator (S) and was
sent through an adjustable optical delay for optimal temporal overlap with the 355 nm OPA pump. A calcite Glan prism
polarizer selects the proper polarization for phase matching. For all imaging experiments, a standard United States Air
Force (USAF) test pattern illuminated in transmission was used as the signal with the OPA crystal centered in the Fourier
plane of the signal transfer lens. For the FOV and pump depletion tests, collimated signal beams were focused into the
OPA and recollimated after amplification. The same OPA crystal was used for all experiments performed in this effort.
Great care was exercised in approaching the damage limit. The OPA crystal experienced many millions of high intensity
laser pulses without damage.

C 1
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PLAV BEM YEL
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1064

TARGET ON
CmAy

C3OR C4

INMYAG DOOE TWL
Law

1064

Figure 2. Schematic diagram of laser imaging experimental setup.

HI. l= Amplification Demonstration

The image amplification demonstration experiments were performed early in order to validate the concept of OPA
image intensification. In addition, OPA FOV and effects of local pump depletion were investigated in these preliminary
tests. The Q-switched laser was used for these experiments.

The OPA FOV for the crystal orientation used in these experiments is dependent on the critical and noncritical phase
matching acceptance angles. The critical acceptance angle, AO. , was expected to be a few milliradians (gain dependent)
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while the noncritical acceptance angle, a, was limited by the target circular aperture and transfer lens focal length. The
expected elliptically shaped OPA FOV was observed. The elliptical shape could be distorted to crescent shapes by
rotating the crystal about its critical phase matching angle. The critical and noncritical acceptance angles (full) under
conditions of low gain and pump depletion were measured as 7 mrads and 15 mrads, respectively.

Amplified images were obtained when the test pattern was placed in the setup described above. Figure 3 shows
photographs of the initial image amplification demonstrations. These images were obtained using single laser pulse (10
ns) illumination and detection at 1064 nm. The gain was 2 to 10 over the full phase matching FOV. The test pattern
was translated so that either Group 2 or Group 3 was in the OPA FOV. For Group 2, all features are resolved, while for
Group 3 the limiting resolution is observed to be about 12 line pairs per millimeter (lp/mm). Under these conditions the
OPA does not limit the resolving power of the optical system. This condition will change, however, if the pump does
not spatially overlap with the higher orders in the Fourier plane, or if the relay lens focal length and circular aperture
define a cone of solid angle larger than the critical acceptance angle.

Grop 2 Group 3

Image
PZT Off

Object
USAF
Test Amplified
Pattern Image

Pump On

Figure 3. Demonstration of OPA image amplification.

The final set of experiments performed in the preliminary tests demonstrated some of the subtle consequences of
using pump and signal beams with nonuniform spatial intensity distributions (such as commercial off-the-shelf lasers).
The results are summarized in Figure 4. Here, the target was iemoved and the circular aperture was limited to -1.5 mm.
Under these conditions, all of the input signal was within the OPA FOV and spatially overlapped with the pump. Video
frames were taken of the unamplified (pump off) and amplified (pump on) signals after collimation. Identical slices
showing horizontal spatial intensity profiles are plotted. A computer generated video frame was obtained by dividing
the amplified signal frame by the unamplified signal frame on a pixel by pixel basis. The horizontal slice of the spatial
gain distribution is also plotted. The regions of highest gain occur in regions of lowest signal intensity while the lowest
gain occurs in the center of the beam. This is an indication that pump depletion is playing a major role in some regions
and must be considered. This observation was later verified quantitatively using an OPA full-wave optics code.

810



Pump Of f Pump On Gain

(Input Signal) (Amplified Signal) (Amplified Signal)

Bo", Croes-Section Bew Crom-Sectcn 8 CMMg-Sectia,

Figure 4. Nonuniform gain and pump depletion.

IV. Gain Measurements

After demonstrating OPA image amplification a series of experiments were initiated to map the gain parameter space
under conditions expected for distant imaging applications. Such applications will most likely require image amplification
at or near the quantum limit. The experiments discussed in this section were designed to address these low light levels
directly and to allow determination of the appropriate OPA operating conditions for photon starved image amplification.
The mode-locked laser was used for these experiments and the test target was removed. This section begins with a brief
discussion of OPA gain and noise.

The theory of 3WM is well known and can be found in most nonlinear optics textbooks. 8

The dominant source of noise for an OPA operating at wavelengths <1 pm is amplified quantum zero-point vacuum
fluctuations which can be calculated by

Is(z) = I dvdKdA ro cosh lz ,
C c2 )(

where vs and ns are the frequency and refractive index of S, z is the crystal length, dv is the smaller of either the pump
or gain bandwidth, dQ is the convolution of the divergence of pump with acceptance angle, dA is the cross-sectional
area of the pump at the front face of the OPA, and r is the gain coefficient. The term in the left bracket is the zero-point
noise source and the term in the right bracket is the gain term. The zero-point noise is plotted in Figure 5 along with
blackbody curves for 300 K and 6000 K. In a properly designed OPA imaging system where pixel sizes are matched to
OPA resolution elements or modes, it is possible to achieve 1 photon per pixel equivalent input noise. Using the
experimental parameters for pump bandwidth, FOV, and pulse duration we predict a value of about 200 photons per
pulse of zero-point noise. This is consistent with our observed S/N ratio of 5 at the lowest input signal levels of 1000
photons per pulse.

The OPA acts as a travelling wave spatial filter with a gain length dependent FOV 19,2° constrained by the pump
divergence, and phase and group velocity walk-off.2' An asymmetric acceptance angle was measured for a 2.5 cm long
KD*P crystal of 4 mrads x 8 mrads. When amplifying in the Fourier plane this acceptance angle limits spatial frequency
resolution to =7-14 lp/mm.

The experimental setup used was virtually identical to that described in the previous section. The circular aperture
of L3 was limited to 1.5 mm resulting in a 3.75 mrad OPA FOV. The signal and idler cameras were removed so that all
amplified and generated light could be focused onto a single photodetector for low light level measurements. The pump
and input signal photodiode outputs were fed into an amplifier and gated integrator pair. The idler and amplified signal
detector outputs were fed directly into a pair of gated integrators. These amplifier - integrators were used over a dynamic
range of 10. The outputs from all four integrators were digitized with a 12 bit 1 MHz analog to digital (A/D) converter
connected to the computer bus. The gains and neutral density filters were chosen so that, for any given experimental
run, the A/D was operating at about one half of full scale. Eighty two neutral density glass filters of various optical
densities were calibrated under pulsed laser conditions at each of the three wavelengths (p, ks, and ,) with the ratioing
joule meter. The data acquisition system was set up to simultaneously digitize and record the single shot energies of the
four signals. The input signal and pump energies were calibrated at the input face of the OPA crystal. The amplified
signal was calibrated relative to the input signal. A typical run consisted of recording data from 1000 laser shots at fixed
pump and input signal. The normal shot to shot variations in laser output energy for a given run was <5 per cent. This
resulted in pump fluctuations >20%.
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Figure 5. Calculated zero-point and blackbody noise.
Figure 6 summarizes the results of all the OPA gain measurements. The gain parameter space was mapped over 10

orders of magnitude in gain, 12 orders of magnitude in input signal energy, and over 2 orders of magnitude in pump
energy. Each point is the average of 1000 shots. Six sets of data were recorded at the nominal pump energies shown in
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Figure 6. Summary of all OPA gain measurements.
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Figure 6. While this data suggests the existence of linear and nonlinear amplifier regimes, placing a finer tolerance on
the pump energy clearly indicates at least two operational regimes. The OPA is a linear amplifier under unsaturated or
nondepleted pump conditions. Here, phase preserving signal amplification should occur as predicted.'0 In the saturated
gain regime, however, nonuniform spatial pump depletion causes intensity spiking which prints through as phase distortion
in the amplified signal. This effectively reduces imaging system resolution. The lowest input signal levels producing
reliable data corresponded to 1000 photons per pulse. At these levels the observed S/N ratio was -5 indicating the
presence of =200 photons per pulse noise. All of this noise is attributed to the zero-point noise.

In order to account for the two observed amplifier regimes, a realistic model was required. Figure 7 shows the results
of a sample run of a code which provides a full-wave optics propagation of Gaussian signal and pump fields through the
OPA gain medium with diffraction. The nonlinear coefficient, phases, and interaction lengths were set to duplicate the
experimental conditions. The pump field was adjusted to achieve proper gain. Comparison is shown of the measured
and calculated gain in an OPA pumped with 150 microjoule (pJ) per pulse at 355 nm using the model described above.
Also shown are the calculated amplified signal energy and fractional pump depletion. The model is in excellent agreement
with the experimentil results. Both amplifier regimes are readily predicted by this model.
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Figure 7. Comparison of observed and calculated OPA gain.

V. High Gain Im= Amplification

The high gain image amplification experiments were performed following the gain mapping with the laser imaging
system setup as described in the previous section. The video cameras were reinserted at positions Cl and C2 (Fig. 2).
The circular aperture defining the OPA FOV was kept at 1.5 mm, and the test target used in the image amplification
demonstration was placed in the signal beam. The pump enrgy per pulse was adjusted to provide safe operation below
the OPA damage limit. The sensitivity of the CID video detectors was measured to be 4106 photons per pixel at 1064
run and 10' photons per pixel at 532 nm. A series of amplified single pulse images at A, and frequency shifted images
at X, were obtained at gains up to 104.
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The OPA can be used to directly amplify images at input signal levels near the quantum noise floor. Figure 8 shows
the results of the lowest input light level experiment. An image of a portion of the USAF test pattern (Group 1 Element
1) was allowed through the circular aperture. The image circular aperture was well within the OPA acceptance angle
which included =200 resolution elements (pixels). The signal level at the input face of the OPA was <2000 photons (<10
photons per pixel). At a signal gain of I04 the amplified image was still well below the CID detection threshold (106
photons per pixel) but the frequency shifted idler image at 532 nm was readily detectable even with a poor quality pump.

The edges of the bars could be enhanced by rotation of the crystal about the critical angle. This is a result of lack
of spatial overlap of the pump with the higher spatial frequencies in the Fourier plane.

Amplified image resolution is limited by the spatial overlap of the pump with the signal distribution in the Fourier
plane and the critical and noncritical phase matching angles. The resolution was measured to be 12 and >5 lp/mm in the
noncritical and critical dimensions, respectively, for the high gain image amplification experiments described above.
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Figure 8. Quantum limited OPA image amplification.
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ABSTRACT

The technique of Brillouin-enhanced four-wave mixing is known for its high-reflectivity, high-quality phase conjugation. This
method is often implemented in waveguides, hence the analysis is performed for a waveguide geometry. The treatment accounts for
the transverse structure of the pump and signal beams within the paraxial approximation, assuming the acoustic wave has reached a
steady-state An approximation is used that is applicable when many transverse modes of the waveguide are excited by each of the four
mixing waves. Pump beams are considered that are not perfect phase conjugates of each other. The zeroth-order equations are
obtained for the polarization states of the pump and signal beams by dropping all phase-mismatch terms. The resulting equation
generalizes previous expressions given in the literature. The resulting dependence of reflectivity on forward-to-backward pump
intensity ratio, forward-to-backward pump fidelity, and off-resonant gain are considered in detail. Self-oscillation is predicted for the
high-gain case. The resulting zeroth-order solutions are used to aid in evaluation of the first-order term that determines the loss of
fidelity. Simple expressions are given for this loss in terms of the angular spread of the signal laser beam, the pump-signal angle, the
pump intensities, and the mutual fidelity of the two pump beams.

I. Introduction

The discovery of phase conjugation using stimulated Brillouin scattering in 19721 has led to numerous methods for nonlinear
optical phase conjugation. Such methods include two-wave mixing, photon echoes, and four-wave mixing, each utilizing numerous
material nonlinearities. These methods have varying applicability for practical applications, and various criteria have been devised for
comparing such phase-conjugation techniques. Two obvious criteria are the quality (fidelity) and strength (reflectivity) of phase
conjugation. A technique 2 discovered in the late 1970's that yields both high fidelity and high reflectivity utilizes the longitudinal
acoustic resonance of Brillouin scattering, combined with four-wave mixing. This technique is known as Brillouin-enhanced four-
wave mixing(BEFWM), or as hypcrsonic four-wave wavefront reversal in the Soviet literature.The technique has been further refined
to reduce inheren instabilities that are often observed with high-reflectivity four-wave mixing. 3 This technique is known as
polarization-decoupled BEFWM. Questions arise as to the practical limitations of achieving both extremely high reflectivity4 ,
extremely high fidelity, and stability for the conjugate wave. This question has been partially answered experimentally, as well as
theoretically. - 15 However, it will be seen that none of the analyses specifically treat the case of interest, including transverse effects.
These transverse effects are essential to understanding how the spatial similarity, i.e., the mutual fidelity, of the pump beams affects the
four-wave mixing interaction. These transverse effects account for the so-called "phase mismatch" terms that define a limit to the
fidelity of phase conjugation that can be achieved. This limit is given below by a relatively simple expression that is a straightforward
generalization of the expressions obtained for phase conjugation fidelity using stimuited Brillouin scattering (SBS). 6- 7 We compare
our results with those of other authors. 15

The following approach expands the electric field into modes of the waveguide; in the case under consideration, a square
waveguide is assumed. Within the waveguide a laser beam is propagating with a polarization parallel to two opposite sides of the
square waveguide. A second wave is propagating in a direction opposite that of the first wave, and is polarized orthogonally to the first
beam. Furthermore, as shown in Fig. 1., this second beam is formed by focussing the first wave into an SBS cell and is therefore
phase conjugate to the first beam and frequency-shifted by the SBS frequency shift. The polarization of the second beam is made
orthogonal to the first beam by using a quarter-wave plate. The orthogonal polarization of the two pump beams virtually eliminates the
coupling between these two beams in the absence of a suitably-polarized signal beam, because of the scalar coupling associated with
the longitudinal acoustic wave. 18-19 In the following analysis we will analyze the case in which the signal beam is linearly polarized
parallel to the second, Stokes-shifted, pump beam. There are obvious generalizations of this technique which would allow conjugation
of the electric field polarization of the signal as well.

Several standard simplifying assumptions are made. First, it is assumed that the acoustic phonon is assumed to have reached a
steady-state. Second, the electric fields vary slowly over an acoustic relaxation time and an optical transit time through the medium.
Third, many modes are excited by the electric fields of each of the four waves. Fourth, depletion of the pump waves is negligible.
Fifth, the Brillouin shift is considered negligible. Finally, the propagation of each of the four waves is paraxial. These assumptions,
though numerous, are those commonly made in association with analyses of fidelity of stimulated scattering, 15- 17, and have been been
shown to be applicable in corresponding experiments. 20 "2 1 The following analytic approach is of special interest because of the
difficulties associated with numerical modelling of counterpropagating wavefronts with tnvo transverse dimensions, and with drawing
useful conclusions from those results.

11. Basic Equations

The electric field at the optical frequency of the laser beam is

EL = 60 EL0 exp (iwpt - ikLo z) + 61 ELI exp (icop -ikLo * z) (1)

where kL, kLi, art, die optical wavenumbers of the pump laser beam, and the probe beam respectively, both of the same, unshifted
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frequency wp, and entering the waveguide at the same entrance. Thus kLo - z > 0, and kLi - z > 0. For a field consisting of multipJe
transverse modes, the vectors kLo, kLl are along the central axes of the corresponding fields. When needed, the units of the electric
field are chosen so that E2 has units of MW/cm 2 . Also the symbohb 9i denote the unit vectors transverse to the propagation axis z, and
satisfy

ej= 8) (2)

The electric field at the Stokes frequency is

ES= &0 Es exp (i COS t + ikso. z) + 1ESexp (i CoS t + iks 0 . Z) (3)

Here ks0. and kst are the optical wavenumbers of the conjugate field, and the Stokes-shifted second pump beam, respectively. Both

these fields are at the Stokes frequency ws = coP - COSBS+AO), where co)S s is the frequency of the acoustic phonon. These fields both
propagate counter to the fields at the pump frequency, so that ksl z<0, and ks 0 ' z < 0.

The (scalar) acoustic phonon, in the steady state, may be written as followsl 0 19 :

Q=1 EL* ES

=EL E*0 exp (i O)SBSt-i (kL+ kso) . z)

+ ELI El exp (i O)SBS t -i (kLl + ks1)" z) (4)

The parameters of the above equations are as follows. y is equal to ikopo(aF/ p)/(4xvc)(l+iA),"); 22 k0 is equal to kL = ks, the
optical wavenumber; E is the medium dielectric susceptibility; p is the medium density; v is the acoustic velocity in the medium; c is
the speed of light; r is the HWHM Brillouin linewidth(sec-1), and Aw equals COSBS - (WL - OS)"
With this expression for the phonon, the corresponding equations of motion for the signal and conjugate waves, as well as the pump
waves, respectively, are as follows 10, 18 ,19 :

Conjugate wave:

+z Y1 ES0 = YOELOQ*exp(ico)sot [ikSz) =  IEL2 ES + EL EL ESI xp (iAks 0  z) (5)

Here yo equals ik0(0&'p)/2n2 ; n is the refractive index; and g is the Stokes intensity g.in, equal to 2,y0y/F (cm/MW). Note ESo grows
like the conjugate of field ELI in the minus-z direction, provided that ELoESI is independent of spatial position. Furthermore, attributes
of the conjugate wave ES0 are also amplified, as seen from the first term of the right-hand side. The wavenumber mismatch is defined
as follows:

Akso = kLl - kLo + ksI - kso
(6)

Note that

z- (Akso) = (l-cosO)znOSBS/c (7)

In the above, 0 is the central angle between the signal and the pump beams. The quantity in Eq.(7) is assumed negligibly small for
most of the following results. This restricts the range of angles between the pump and probe beams for a given interaction length, or
restricts the interaction length for a given range of angles between probe and pump.

Signal (probe) wave:

I[z + . ]E = YOEsiQexp(-io)l.t +ikLi.z) = [IE_ 12 ELI + ESI .L0 ESO exp (iAkLI • z) (8)

where AkLI -AksO. The pump beams are assumed unchanged.

Now in the above equations, one may introduce diffraction effects through an angle-dependent phase delay, equal to z k;/2k0 ,
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where k. = k0 0, where 0 equals the angle of propagation of the partial wave relative to central axis of each wave. This may be done
by substituting the following Fourier expansion for each of the four fields. So write, for any one of the fields LO, LI, SO, S 1,

E(x,z) = E  E(k,z) exp(ik-x ± 2 (9)

k

where the + sign corresponds to LO and LI and the - sign corresponds to fields SO and S1. Substituting these expressions into Eqs.
(5), (8), and simplifying yields an equation for each component k of the conjugate wave. To simplify notation, make the following
correspondence:

ES0 - So

ESI -S

ELO PO

ELI PI

Now one may write the equations as follows (z is replaced by -z in what follows to retain common conventions):

aZSo (k) 2( PO(/ k~ P 0 (k1( 1 k+k2)So(k 2 ) exP(i z(k 2+kl).(k2 -k)'
k1,k2

+ P0(kI)Pk)5(k 1 k)xp( (k +k).(k -kI) (10)

_ S~'iS~-k~k~P (4 (k2+k)(k-k))

aP,(k) g 2(Si(fl , 1\ k1, I\ (k 2)Pl\2) exp( 21z
kI'k 2 1' 2

+Sl(kl)S0(k 2)PO(k-kl+k 2) exP(- (k 2 +k)-(k 2 -kl)) (11)

Similar equations result for the pump waves, which will be detailed in later efforts.

Ill. Zero-order Solutions

The above equations (I 0)-( 11) for the evolution of the signal beam and the conjugate beam may be simplified using the mode
approximation. Keeping only phase-matched terms, i.e., only those for which the argument of the exponential is zero, one obtains

az So (k) = [(P0.S0)P 0 (-k) +IpoS 0 (k) +(PO.SI)PI(-k) +(PO.P 1 )S(k)] (12)2(1 -iAco/r)01

~P k=2(1 +iAco/F) L( 0  P ](3

where

Pi= X Pi(-kl)Sj(k1 ), i = 0,1, jO,l (14a)
ki

Pi Pj = E Pi(k 1)P (k), i=Ol, j--O,1 (14b)
k,

and similarly for Si.S. The Eqs. (12)-(13) are the zeroth-order equations in the mode-approximation, with undepleted four-wave

mixing pump beams. It has been assumed that there are many modes, each with a small fraction of the total energy. Note that the fust
A

two terms of Eqs (12) and (13) would be present in a simple SBS geometry with a single polarization (state e0 for Eq.(12), 61 for

Eq.(13)). The idea of BEFWM is to choose the spatial overlaps between the pump beams and the signal beam to be nearly zero:

P0 P -0 (15a)
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SI 1 -Z! 0 (15b)

Now as the conjugate beam So "enters" the waveguide it is nearly zero, and is parametrically generated from the first and third terms of

Eq.(14). Since it is nearly zero,

P0'S0 << P0
"S1  

(15c)

Thus S0(k) is generated proportional to P (-k) and not P0(-k), as may be deduced from Eq.(14). Thus it is evident that

P0oS 0 = 0 (15d)

should hold throughout the waveguide. Also, since the two pump beams are nearly conjugates of one another, P0 is proportional to

S so from Eq.(17c) it follows that

S1 SO - 0 (15e)

From Eqs.(12)-(15), one obtains the three-dimensional analog of the more familiar one-dimensional BEFWM equations. The key

assumption is that the spatial overlap of the pump and signal beams must be nearly zero. This latter assumption is usually satisfied

experimentally, and can be achieved by entering the waveguide with the unshifted pump beam and the signal beam at well-separated

angles. On the other hand, the relative angle can't be too large or the gain is reduced.8 With the zero-spatial-overlap assumption, and

with Aks0 approximately zero, one obtains the following equations:

[z S0(k) = 9 ip0 S0 (k) + (PO.S,) P*(_k)] (16)
2(1-i~wM I

az P (-k)= _ Is I Pi(-k) + (PO.S 1 ) S0(k) (17)

Note that k is changed to -k in Eq.(17), and the same equation is also complex-conjugated.

Let g, = g2(1-iAog/) for simplicity of notation.

Continuing with the zero-order solution, Eqs. (16) and (17) yield expressions for A±, with eigenvalues X+ and L, for which X2. > .

-A.. = + A+ = - (18)

[ (? L81 po)exp(X+L)- - - IPO )exp (XL)]

Eqs. (16) and (17) yield expressions for B±:

,(X- B .B_ = B+ Pl0(k) (19)
(X+ -glIsl)exp (X+ _) - gs)exp (L

Note that this zero-order result gives the Stokes wave as phase conjugate to the probe; and the probe retains its wavefront:

Pl(-k,z) = g*(z)Pj(k,O)=g*(z)Pl 0 (k) (20a)

S0 (k,z) = f(z) P0 (-k) (20b)

Substitution of Eqs. (18) and (19) respectively yield the expressions for the probe and conjugate wave as a function of z. To

reiterate, this result implies that the Stokes wave with polarization e0 conjugates the probe wave of polarization e1 , under the

assumptions of no pump depletion, no competing nonlinear effects, the mode approximation with many modes, and spatially

orthogonal signal and probe beams.

Based on the above solutions, the reflectivity may be written as follows:

819



R = ISO/1pi = (Hp SI)/-51 II l-exp(g 11poL -A"L)12  (21)
Il+(IpotIS1 )exp(g1 IpoL AXL)12

where AX =2g1 (lS1/Ipo)AHp, and where AHp = l-HF. In the limit of perfect mutual pump fidelity this expression duplicates the one-
dimensional result of other authors. 20 This expression shows explicitly how the reflectivity depends on the mutual pump fidelity H>,
the off-resonant gain coefficient ge, the gain G=glIpoL and the pump intensity ratio r = lp0/st. As examples of this calculation, we
consider the case of perfect mutual fidelity,and show the reflectivity, maximized over frequency offset, in Figures 2-4. In Fig. 2, for
which the gain-length product G=gIIp0L = 4, for varying values of pump intensity ratio r. The theoretical reflectivity peaks at about 12
in this case. As the gain-length product is progressively increased to 5 and 6 for Figs. 3 and 4, respectively. The obvious result is an
increase in reflectivity, uniformly over the range of pump intensity ratios r. Interestingly, the peak of these curves all lie near the same
value r. The reflectivity profile as a function of frequency for the maximum-reflectivity points of these two last curves is shown in
Figs. 5 and 6. It is seen that the higher gain, higher reflectivity case has a much sharper, off-resonant, spectral profile. This implies
that the higher reflectivity is sensitive to the details of the laser and signal spectral profiles. A somewhat reduced sensitivity is obtained
by increasing the pump intensity ratio r to 200, as shown in Fig. 7. This case corresponds to a very small Stokes-shifted pump, and in
this case control of polarization and stray light is very important to satisfy the condition (15c) above; failure to accomplish this would
result in a loss of reflectivity, or fidelity, as may be seen from Eqs.(12)-(13). Current technology might support pump ratios as high
as 200. Finally, it should be noted that for gain-length products higher than 7, the denominator of the right-hand side of Eq. (32) may
become zero for larger frequency offsets, leading to self-oscillation at one or more frequencies and pump depletion; the latter invalidates
our analysis for those cases.

IV. First order Solution

With the zeroth-order results, one may now proceed to the first-order calculation. This is done by substituting the expressions (20)
into Eqs. (10) and (11) to obtain estimates of the distortions introduced by phase mis-match terms. The sums for the distortions then
exclude the phase-matched terms. Following this outline, write the following:

So (k,z) = A0(z) S(0)(k,z) + Al(k,z), (22)

P1 (k,z) = B0 (z) P(0)(k,z) + Bl(k,z) (23)

,0) - 0)0Where S(0' and y I are the solutions of the phase-matched equations, given by Eqs.(16)-(21). A0(z) S(0) and B*(z) P( are the zero-

order solutions, assumed proportional to P10 (-k) and P10(k), respectively. The last terms in Eqs. (22)-(23),A,(k,z) and BI(k,z), are

first-order corrections, assumed to be both orthogonal and small compared to the zero-order solution; hence non-conjugate to the
probe beam.

Here, j0 (kI) = (OA/0po) 2/g, and j I(k1) = (OA/GPI) 2/1C. Here OA denotes the waveguide mode spacing, 0p0 is the angular

radius of the pump beam, and Op, is the angular radius of the signal beam. Note that these expressions assume a band-limited uniform
energy distribution among the transverse modes; model calculations have shown that this is not a critical assumption for the related
SBS problem and the scaling remains the same.16, 17 After much algebra, one finds the following result for the spectrum of
distortions:

(/A 1(k)J2)=1gJ 1
2  2  jo(ki-k+k2 )((HpIpo/IsI)j 1(k2 )+Ial2j,(-k 2 ))

(I~~k12 =Ig1; 2 p,( IAo12 I jo(k1)

+o(1/N) (24)

where N is the number of modes excited by the probe beam. Eq. (24) represents the major result of this calculation; it is the transverse
spectrum of non-conjugate power. Summing over k gives the total non-conjugate power, and this should be normalized by the
conjugate Stokes output power, which is given by the following in the large-gain limit

Iso = IS0 (k,L)I2 = IAd2y IA+(k)l 2 = I)0) I O IA0 12  (25), Isl i 0(5

Now, using the expression for X- in Eq. (24), one finds that the fidelity depends on the frequency offset. As the interaction moves off
resonance, IIm()l increases, and by inspection of the denominator of Eq.(24), one finds that the more mismatch terms contribute and
the fidelity is reduced even further. The near-resonant case is simpler to analyze and corresponds to many cases of interest. Thus it
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will be assumed that a near-resonant interaction (IAl<I) applies in the following.

I( IAlI(k,L)12)

R = k = ' j0 (k)j 0 (k-k+k2)(1 (k2)- lall2j,(k2))
.IS0(k,L)12  k,k,k 2  I + ((k 2+k)(k2 k)] (26)

where we have factored out IX+I2 , and kept terms of order AHp, and where

(HpIpOI 1 ) (27)

la11
2 = la12 Isl/HpIp0 (Is /IPO) 2  (28)

1 -H= - R (29)

where H is the fidelity loss of the conjugate beam with respect to the signal beam. Now to evaluate this expression, use the Zel'dovich
approximation 16, for which many modes are excited and thus that the fidelity loss is small. Near-zero phase mismatch terms comprise
the contribution to fidelity loss, as shown in Fig. 8. Let 0 = k/k0 be the propagation angle corresponding to the transverse mode with

Fourier component k. The angular separation between the pump beam and the signal beam is roughly 0 LB as shown. This separation
should be much greater than the spread of either beam since we are assuming that the two beams are non-overlapping in angle. Thus,

as shown, lk2±kll = IkI±kl = kOOLB. Also k2-k = k0A0 2 , which is less than 2k00pl in magnitude. Hence

1- H = . j0(kl) jo(kl + k0A02) [jl(-k2) + Iall2jl(k2)] (30)

kOA0 2*OLB <
gIp 0  I I

So N 0 coso IA021 0LB < 1, where 0 = angle between A02 and 0
LB. To make the integration easier, change variables from to 01=glp 2L

iV2-0. Then one has the following:

coso = sinol (31a)

l~~I *j gl 0

1011-Isino0l < - gA02 (31b)
kOOLe IA021

Summing over 01, assuming glpOJk 0 0)LB<< Opl, and 0po < Op, for typical cases of interest, one finds that

I-H_= uglp I j (0 1+A02) [jl(-02)+lal2jl(02) (32)

kOOLBO A  IA021

Next, summing over 0I, and 02,

1 - H = uglpo0(l+ la l 12) I/ O) _1-IA021/0p0 331 -HLBOA (0a/0p0)2 X n2 (33)

nk00 LB0 A IA021

Finally, sum over IA021, remembering to include IA021 weighting in radial co-ordinates. Note that the bound on A02 is set by

the minimum of the signal beam divergence Op (by definition) and the pump laser divergence 0p0 (because it is in the argument of j0);
the latter is assumed less as mentioned above. Thus one sums over 0po/0A discrete waveguide modes, and finds

I - H = Cuglp 0(l+ la 11
2) (34)

kO0LBOPO
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where C is a constant that depends on the shapes of the mode distribution of the pump and signal, and is approximately equal to 1/2n.
The above result (34) is the concluding result of this section; it gives a simple lower-bound estimate for the fidelity loss for the higher-
gain (G>3>ln(R)), higher-reflectivity (R>10) limit, in which many modes are occupied. This answer shows a dependence similar to
that given by Hellwarth 15 for degenerate four-wave mixing in waveguides from the phase mismatch terms, in that the fidelity loss is
inversely proportional to 0p0, the pump beam divergence. This result represents a generalization of Zel'dovich's result for SBS and
shows that the fidelity may be much improved with polarization-decoupled Brillouin-enhanced four-wave mixing, by increasing the
pump-signal angle. Also from (34), in this regime it is seen that the fidelity loss is less strongly dependent on the mode structure of the
signal beam, unlike SBS. Note that in this approximation the pump mutual fidelity Hp does affect the conjugation fidelity, through the
factor u, but only a weak dependence is found for Hp not too small. Finally, it should be emphasized that this result applies for
somewhat specialized cases of interest - given the variety of assumptions made above, there are undoubtedly many other possible
regimes for which the expression for the fidelity loss differs from that given above, and for which the above approach is not relevant or
not applicable.

IV. Conclusions

The technique of polarization-decoupled Brillouin-enhanced four-wave mixing for waveguide geometries has been analyzed
using a perturbation expansion about the mode-matched solution. The mode-matched solution that constitutes the zero-order result
yields the familiar equations for BEFWM 10 ,20 , under the assumptions of spatially orthogonal pump and signal beams, and perfect
pump mutual fidelity (Hp= 1). These zero-order equations also obtain the more general dependence on the pump mutual fidelity, as

well as the forward-backward pump ratio lp/]sl, and the frequency offset A0/F. Some sample results are shown, which agree with
those of other authors. 10,20 Based on simple criteria involving pump laser frequency stability, noise insensitivity, and polarization
quality, practical systems will yield a high-reflectivity, stable, conjugate beam when the total gain is less than six, and the forward-
backward pump ratio is less than 200, yielding reflectivities on the order of several hundred. 13 Higher reflectivities have been
achieved in various versions of BEFWM, however, in carefully controlled laboratory situations. 12, 13 The first-order equations yield
the nonconjugate fraction and the fidelity loss. The final result assumes a uniform distribution of energy within an angular band of
transverse modes, and a higher-gain, higher-reflectivity regime. Based on similar calculations for SBS, it is reasonable to conclude
that the result is not extremely sensitive to the shape of the mode distribution, although it may be somewhat sensitive to the angular
spacing of the excited modes. It is found that the fidelity loss is inversely proportional to the pump beam divergence. The fidelity loss
is also inversely proportional to the angular separation between the pump and signal. The result for fidelity loss may be summarized as
being proportional to the e-folding gain length, and the square root of the Rayleigh ranges of the pump beam grating and the pump-
probe grating. The result for fidelity loss has the same dependence on pump beam divergence as given by Hellwarth 15 for the phase-
mismatch terms. It is found that the mutual pump fidelity, i.e., the overlap of the two pump beams, affects the reflectivity more than
the fidelity, in the regime for which the approximations apply.

On the other hand, no experimental study addresses the fidelity loss issue for BEFWM, to the best of my knowledge - only
SBS measurements are available at this time. Such an experiment might require relatively sensitive measurements of the fidelity for
BEFWM, but might be very relevant for applications of phase conjugation requiring either near-perfect fidelity, or high reflectivities.
In summary, we have determined theoretical nonlinear-optical limitations for reflectivity and fidelity for a particular method of phase
conjugation, and for a particular regime of interest.

This work was supported by NERA internal research and development funds.
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COHERENT TWO-PHOTON EXCITATION OF ALKALI METAL VAPORS

M. T. Jacoby, D. G. Harris, J. A. Goldstone,
J. Stone and R. Whitley

Rockwell International-Rocketdyne Division
Canoga Park, California 91303

Abstract

Na vapor was excited by two narrowband, counter-propagating cw dye lasers operating
near the 3S-3P and 3P-4D transitions. Fluorescence from the 4P-3S transition was
monitored as a function of small pump detunings from the Na transition frequencies for
given intensities. Initial results are in qualitative agreement with the predictions of
the Frequency Adding MEdia (FAME) theory.

Introduction

It has been predicted that, under appropriate conditions, it should be possible to
create large population inversions in multi-level quantum systems through coherent,
near-resonantly enhanced, multiple photon pumping [1-3]. When these inversions occur
between nonadjacent levels it becomes possible to create a frequency up-converting

laser-pumped laser. The process by which these population inversions are created has been
dubbed FAME, which is an acronym for Frequency Adding MEdia. Figure 1 displays the

traditional four-level and photon cascade pumping schemes. By comparison, Figure 2

indicates the coherent FAME pumping scheme we wish to utilize.

The work reported here represents the first step toward experimental demonstration of

the sometimes counter-intuitive predictions of the theory described in [1-3] and will
hopefully lead to a demonstration of coherent, multiple photon pumping of a frequency
up-converting laser. Sodium vapor has been chosen for the first set of experiments for a

variety of reasons: (1) the Einstein A coefficients in Sodium are appropriate for
creation of a 4P - 3S population inversion [see Figure 3], (2) the required pump

wavelengths (589 nm and 569 nm) and intensities are within the range of current cw dye

lasers, (3) the potential lasing transition (4P - 3S) is at 330 nm in the near UV where
good reflective optics and detectors are available, and (4) the required Na densities are

easily obtained using conventional heatpipe technology. However, the lower level of the
lasing transition is also the ground state of the atom. Our theory predicts that even

under this condition we should still be able to create large population inversions in

Sodium. We have identified a number of other candidate gain media which we believe should
lase in the IR, visible and vacuum UV.

The principal results reported here are the comparison of theoretical predictions and

experimental measurements of the intensity of 330 nm fluorescence as a function of one and

two photon pump detunings. The initial experimental measurements demonstrate good
qualitative agreement with predictions and also provide us with optimization conditions
for the small signal gain experiments which are planned.

Experimental Apparatus

The experimental layout for the initial Na fluorescence and ionization measurements is
shown in Figure 41. Coherent 699-29 Autoscan Dye Lasers operating with Rhodamine 6G dye
provide the visible pump sources at 569 nm and 589 nm. The radiation from the dye lasers
entered a heatpipe cell in counter-propagating directions to reduce the Doppler broadening
of the atomic transitions.

The lasers, which had a linewidth of less than 1 MHz and an absolute wavelength
accuracy of plus or minus 200 MHz, could be scanned in steps as small as 1 MHz. When
carefully calibrated with an I cell, the absolute wavelength can be plus or minus 60
MHz. A commercial wavemeter (Burleigh WA-20) provided a nominal check on wavelength
during data acquisition. The half-wave retarder, lens and polarizing beamsplitter enabled
control of the pump lasers' optical densities and consequently the Rabi frequencies.

826



Na metal of 99.99 percent purity is heated with 99.9999 percent pure He buffer gas in
a heatpipe, with an interaction length of 10 cm, to produce the FAME vapor medium. A
0.0625 inch diameter tungsten wire mounted on a BNC post inside the heatpipe is used to
collect ions. The 330 nm fluorescence is detected through a Corning GS7-54-1 filter (T =
85% at 300 nm) by a one-third meter spectrometer with a 2400 1/mm grating blazed at 250 nm
and a 1P28 photomultiplier tube. Although shown in the schematic, the IR detectors have
not yet been integrated into the experiments.

The data acquisition process is under the control of an IBM PC/AT. It sets the
wavelengths of the two dye lasers and then scans the frequency of the dye laser operating
near 569 nm as the 330 nm fluorescence is monitored. The process is repeated as the
lasers are detuned from the starting wavelengths in steps of typically 1Ghz. In this
manner a three-dimensional profile of fluorescence intensity versus detunings of the
excitation lasers is generated.

Results

A typical excitation spectra is shown in Figure 5. Although the spectra consists of
Na 4P-3S fluorescence (330 nm), its structure is attributed to the 4 possible excitation
pathways from the two 3S hyperfine structure ground states (F=1,2) to the 4D and
4D5/2 fine structure states. 3/2

A series of twenty-one spectra comprise the three-dimensional detuning space plot
shown in Figure 6a. Here, the signal from the 4-D -3S(F=2) "transition" (line one in
Figure 5) is plotted as both pumps are detuned in tgps of 1 GHz about their respective Na
transition frequencies, and the 569 nm pump is scanned over an interval of 2 GHz in 10 MHz
steps. "One Photon Detuning" denotes detuning of the 589 nm pump from the Na [3S(F=2) -
3P ]1 transition frequency. "Two Photon Detuning" denotes the detuning of the
conibined 589 nm and 569 nm pumps from the Na [3S(F=2) -u 4D/ 2 ] transition frequency.
The angular Rabi frequencies of the 589 nm and 569 nm pump were 1.35 Grad/se1 5 and 0.55
Grad/sec for P 589/ p569 2.5. The Na atom density was approximately 2 x 10 /cc.

The theoretical three-dimensional plot shown in Figure 6b was generated with Doppler
broadening taken into account and 2 / 12 3. Note the difference in scale is
such that the theoretical plot only d Mershe central portion of the experimental plot.
Comparing the two plots, we see their general appearance is quite similar. In particular,
both show the skew about the "two photon detuning" axis zero, which is caused by the
mismatch in frequency of the two pumps.

Conclusions and Future Work

Results have been presented in qualitative agreement with the predictions of the FAME
theory. Experiments are underway to provide more quantitative and incontrovertible
confirmation of the theory. For example, the "double ridge" fluorescence distributions
shown in Figures 7a and 7b are predicted for Rabi frequency ratios Q 58 9/a 569 = 1/3
and 1/9.

The fluorescence studies enable the optimization of the pumping parameters. Small
signal gain measurements will be made once they are optimized. Lasing of the Na system at
330 nm will then hopefully follow.
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EFFECT OF ATOMIC STATE COHERENCE ON THREE-LEVEL DYNAMICS

D.A. Cardimona, MY. Sharma, and M.A. Ortega

Air Force Center for Nonlinear Optics
Quantum Optics Branch

WL / AROM

Kirtland AFB, NM 87117-6008

For a three-level atom with two excited states each dipole-coupled to a common ground state, we have found a particular linear
combination of the atomic states which will not experience Rabi oscillations and their associated collapses and revivals. If
the atom is initially prepared in this combination state, the atomic population will be coherently trapped there, and the
dynamical behavior will be constant in time.

The well-known Jaynes-Cummings model for light-matter interactions1 in which a single two-level atom interacts with
a single-mode radiation field is a very popular theoretical model. It is simple enough to yield many analytic results while
still retaining a great deal of interesting quantum features of atom-field interactions such as the collapse 2 and revival3 of the
Rabi oscillations in the atomic inversion. Recent experiments4  have made the Jaynes-Cummings model and its
generalizations of much more than academic importance. The quantum collapse and revival for a single atom interacting with

a single radiation mode has actually been observed 5 .
In this paper we investigate the dynamics of the interaction between a single mode radiation field and a three-level atom

in the "V-configuration" (two excited states each dipole-coupled to a common ground state). To conveniently display the
dynamical dependence on the average photon number and the photon number uncertainty, we use an artificial Lorentzian
probability distribution for the photons in the quantized field. Use of this artificial photon distribution instead of a more
experimentally obtainable one such as the Poissonian or Binomial distributions in no way alters the conclusions we arrive at
in this work. It is merely a convenience. In the general case, we find the expected collapses and revivals of the Rabi
oscillations. However, we have found that if the atom is prepared in a special way, the Rabi oscillations in the atomic
population and their accompanying collapses and revivals diminish in strength and in some instances totally disappear. The
special preparation involves populating the atomic states in a particular combination of amplitudes. Essentially what must be
done is prepare the atom in the particular linear combination of atomic states in which the population will be coherently
trapped. Population trapping should be possible in any system in which there are two or more transition channels that can

coherently interfere 6' 7 .

Dynans

Consider a three-level atom with ground state Ig> and two closely-spaced excited states I1> and 12> each coupled to Ig>
by dipole moments d, and d2 . In the Schrodinger picture, the time-dependent wavefunction is

I $t)>-if F ,-rp(-i(fa*oa)t)[bg nt)tng >+b n(t)e In-1,1>+b2n(t)e-4 dIn-1,2>] (1)

with Fn the photon statistical distribution, A=o-(l-og)=O-)lg, A2=( 2 - 1-A=(0 21 -A, and In,i> is shorthand notation
for the non-interacting atom/field product state ln>li> in which the field has ni photons and the atom is in state
li>. In the rotating wave approximation, Schrodinger's equation leads to

db gn 1 it + b -iA2t
dt 2 {I2nbne '212nb 2,e ](2)
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db In i t 1 *

ci: 2 In gn (2b)

db2n iA2t 1 * b
dat e =- f 12n gn (2c)

where the Rabi frequencies are given by

£ .=gjfn
in (3)

with gj, dj.
For a general three-level problem, there will be three oscillation frequencies (dressed-state energies of the interacting atom

/ field system) possible (for a given n). If we tune the applied field to a special frequency between the two excited states such
that

2A 02191
2 2
S1+g 2, (3)

then one of these frequencies will be zero. In this case, the resulting Stark shifts of the dressed-states are

2 2

pu n =)O,± n ' 2 1 2 2 C021+1- +f122-
g 1+g2  (4)

With the Laplace transform of bgn(t) given by Bgn(X), the time-dependent atomic state amplitudes are given by

b(t= t u- Bkn(A)(AL+B,..)eip(- I ,.t),k=g,1,2, (5)
M=0.+,-2

and the probability of being in state Ik> at time t is

P k)= Fnb k 4(t), 2

n

=,,Fn I oABkn( /) +X-.(,+A+n)Bkn(A)e-i+n t12 +- u (A+A-n)Bk,(AL)e-il". t/2 12. (6)
n

The presence of the time-independent first term (i.e., zero oscillation frequency) is due to the special tuning condition stated
above. For the sake of convenience in varying the mean and the variance in the number of photons, we utilize a Lorentzian
photon probability distribution

Fn-

(n-n) 2 + r  (7)

where n is the mean photon number and r is the half width at half max for the photon distribution.

In Fig. (1) we prepare the atom initially with equal amplitudes in each state (bgo=blo=b20=l/y " ), we set the two
dipole transition strengths equal to each other (g1=g 2 =1) and the excited state separation equal to I arbitrary frequency unit

(o)2 1=1), and we let n=25. In this case the laser detuning A turns out to be 1/2 a frequency unit. In Fig. (1a), 1=5 and we see
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the expected collapses and revivals for the ground state population Pg(t). For Fig. (lb) the parameters are the same except

that r=0.01. Here the photon distribution acts like a 8-function centered at n=25. In this case tie field is acting classically
and we see the expected Rabi oscillations of Pg(t) with no collapse and revival exhibited.

The parameters for Fig. (2) are the same as in Fig. (1), including having the atom initially prepared with equal

populations in each state, however now the excited state amplitudes are 180 ° out-of-phase obg=bI 0 =-b2 =l/P3 ). Here we
notice population being trapped to a certain extent in the excited states due to the coherent interference between the two dipole
transitions. If the photon distribution width were reduced to 0.01, we would again see the trapping and classical Rabi
oscillations.
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Fig. 1: The ground state population Pg(t) with the atom initially prepared with equal amplitudes,

(bgo=bl0b201/0 ), and with gI=g2 =1, n=25, and in (a) I=5 and in (b) =0.01.

We can see this coherent trapping to an even greater extent if we initially prepare the atom with half the population in

each excited state, but again 1800 out-of-phase (bg=bl 0=-b2=/Y2 ). This can be seen in Fig. (3), where all parameters

are the same as in the previous figures except for the atomic state amplitudes. Note, however, that even when the trapping is
nearly complete, the collapse and revival phenomena are quite apparent.
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As can be seen from Figs. (1-3), the Rabi oscillations and their collapses and revivals when the photon distribution is
relatively broad appear to be very ordinary in their behavior. However, the coherent trapping of the atomic population in the
excited states leads to a very intriguing question. Is it possible to totally eliminate the time dependence of the atomic state
populations? We will investigate this pocsibility next.
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Fig. 2: Everything is the same here as in Fig. (la) except that the initial amplitudes are bgo=blo=-b2=l/ f3
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Fig. 3: Everything is the same here as in Fig. (la) except that the initial amplitudes are bgO= and bl0=-b20=I/f2.

Turning off the time depndence

In the last section we found that coherent trapping of the atomic population led to a decrease in the time-dependent Rabi
oscillations and their associated collapses and revivals. In this section we will find a better set of trapping amplitudes which
will shut off the Rabi oscillations more efficiently. From Eq. (6) we see that in order to make Pg (t) a

constant in time we need bgn(t) to be constant in time. This requires
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( 4g ,)Bm (;L)=0, (8)

Performing the algebra to find Bgn(k) and substituting it and )+n from Eq. (4) into this yields two equations which upon
further manipulation simplify to

bj 021 +b 2 0Q2n=O (9a)

-20)21"( I nb 10(=i (If21 n1 2+IS22n12)bgo.(b

These equations, along with conservation of population, will yield the special initial conditions required to produce the time-

independent dynamics we are interested in. To be specific, we will evaluate these special amplitudes at n=n.
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Fig. 4: Everything is the same here as in Fig. (1) except that the atom is initially prepared with the special amplitudes
given by Eqs. (9), bgO--O.14, bl 0=-b 20 =-i.70.
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We will now utilize these special amplitudes with the parameters of Figs. (1)-(3). Corresponding to Fig. (1) with

o21=1 unit, g1=g 2 =l unit, and n=25, we use Eqs. (9) to find bgO=0.14, bl 0 =-b20=-i.70 and then plot Pg(t) in Fig. (4). As
expected with these special amplitudes, the quantum interference between the two transitions results in very substantial

population trapping in the excited states. The sum PI+P2 (=l-Pg) starts at 2(0.7)2= 0.98 and remains there as long as the
appli d field is on. The small time-dependent ripple in Fig. (4a) is due to the fact that these special amplitudes make the

populations time-independent only for n =n=25. Since we have allowed a substantial width to exist in the photon

distribution (1 = 5), the sum over n will lead to a non-perfect time-independence. Note that the +1/2-=_0.707 chosen for
bl 0 and b20 in Fig. (3) is very close to these special amplitude values. This explains the relatively efficient trapping that
occurred in that case. The time-dependent wiggles disappear when the photon width is reduced to .01 in Fig.(4b). In this

case, the only photon number of any significance is n, just that number for which the special amplitudes were calculated.

Discussion

We have investigated the population dynamics of a three-level atom in the "V-configuration" interacting with a quantized
field having a Lorentzian photon distribution. The Lorentzian distribution is used merely as a convenience so that the photon
mean and variance can be easily changed. In the general case, a 8-function-like distribution results in normal Rabi
oscillations and a broad photon distribution provides the expected collapses and revivals of these Rabi oscillations.

We have found a set of initial atomic state amplitudes for which the usual time-dependent oscillations, collapses, and
revivals vanish. Preparing the atom initially in this special way forces the atomic population to remain coherently trapped in

this configuration. The dressed- state energy of this particular linear combination of bare-atom states is zero, so that eiEt= I
and the population remains constant in time - as long as the applied field remains on.

Preparing the atom initially in the special amplitude configuration described above may be quite tricky. Therefore, it
would be nice to find an easy way to set up the correct atomic amplitudes. It appears that the linear combination of bare-atom

states that we have found is a dressed-state that is decoupled from all field modes 7 . If this is indeed the case, then allowing
spontaneous emission into our problem should eliminate the initial preparation step in the following way. No matter how
the atom is initially prepared, spontaneous decay will redistribute the atomic-state amplitudes into our desired configuration.
Population will decay out of all other configurations into the special one, and then remain there as it is decoupled from the
spontaneous field modes. This is now under investigation.
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INCLUDING A LOSS MECHANISM

D.A. Cardimona and M.P. Sharma

Air Force Center for Nonlinear Optics
Quantum Optics Branch

WLIAROM
Kirtland AFB, NM 87117-6008

Asact

The population dynamics of a four-level atom, with decay from the highest level, interacting with three arbitrarily intense
laser fields is studied. In a previous paper [M. P. Sharma and J. A. Roversi, Phys. Rev. A 29_ 3264 (1984)], this four-
level system was investigated with no decay included. In the present work we have included decay out of the highest level and
found that the dynamics are altered dramatically. We do not t0d conditions under which population is transferred efficiently
into the highest level. In fact, we find that the ground state population decays out of the system at a substantially reduced rate.
We have introduced a two-level model that explains this reduced decay rate.

Introduction

The excitation of multilevel systems by laser fields has been studied extensively by various researchers in the last several
years. Knowledge of the population dynamics and its variation with system parameters is crucial to the topics of present-day
experimental interest such as ionization, dissociation, or selective isotope separation from the excited state. Sharma and
Roversi [in Phys. Rev. A 22, 3264 (1984)] studied the coherent excitation of a four-level atom with four laser fields of
arbitrary strength, where one of the laser fields is such that its frequency is equal to the sum of the other three field frequencies
and it couples the ground state with the highest excited state. Quite interesting results were predicted, including trapping of
the population in the initially populated state under three-photon absorption for a certain set of field parameters, as well as a
constructive interference effect which transfers a substantial portion of the available population from the ground state to the
highest excited state for a different set of field parameters. In the present work we investigate the temporal behavior of the
level occupation probabilities of a four-level cascade system interacting with three laser fields of arbitrary strength in the
presence of a loss mechanism from the highest excited level. Allowing decay out of the system modifies the population
dynamics drastically. We find that the excited state decay destroys the constructive population transfer from the ground level
to the highest level found by Sharma and Roversi. In addition to this, the ground state population is found to trickle out of
the system at a rate that is much less than the excited state decay rate. In fact, as this upper level decay rate is increased, the
ground state decay decreases. We show that this reduction of the ground state decay rate occurs even in two-level atoms, and
hence is not due to any kind of four-level interference effect. This information is very important for experimental work.

Theo and Results

In this work we study a four-level cascade system interacting with three laser fields of frequencies ofI, cof2 , and (of3
and of arbitrary strengths. The laser frequencies are close to the transition frequencies of the system so that the detunings of
each field [defined as A1 = 021-(OfI, A2=031-("fl+OCf2), and A3 = (04 1-((Of 1 +0f 2 +0f 3 ), with (0j3 = the transition
frequency from the ground state I1> to the excited state j>, j= 2,3,4] are much less than the laser frequencies.

For a semiclassical description of the interaction, we write the total applied field as

E =x[elcos(owf2 t)+E2 COS(Sf t)+E3COS(O ], (1)

and the coupled atom / field system wavefunction as

4I W(t)>=j" A n(t)e-i"'1n>. (2)

n= l
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In the Rotating Wave Approximation, Schrodinger's equation results in

I_ al(t) 0 " -21 0 0 a,(t)

d aQ2(t) i 421 A1  422 0 a2(t) (3)
dt a3(t) 0 _S22  A2  - a3 (t)

a4 () a4(t) /
0 0 -,23 A3

where an(t) = An(t)exp(-iAn- 1t), A0=0, Aj is as defined earlier forj = 2,3,4, and the Rabi frequencies are =21 = l12"XEl/2h,

122 = t2 3 xC2/2h, and K2 = l93 4 xE 3/2h.
In order to incorporate the loss mechanism in our calculation, we phenomenologically introduce a decay in the highest

excited state by replacing o)4 by o 4-iy. Our interest is then in determining the occupation probabilities of each level, defined
by the relation

P. (t ) = IA. (t)12 . (4)

In Fig. 1 we plot the occupation probabilities of the different levels as functions of time for Rabi frequencies L=1.0,

02=1.5, and 03=2.5, for detunings A1=10, A2=5, and A3=1.15, and for y=O. These parameters were chosen to correspond
with the work of Sharma and Roversi. The values of and A2 are taken relatively large so as to avoid populating levels 2
and 3 substantially. The value of A3 was adjusted to obtain maximum transfer of population for the particular fixed set of
Rabi frequencies and detunings.

1.0-

1
0.8-

4

0.6-

0.4-

0.2-

0.0-

0 10 20 30 40 50
t

Fig. 1: Tte level occupation propabilities versus time with y=0, for A1=10, A2=5, A3 =1.15., '2l=1.0, f2=1.5, and

L83=2.5.
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Fig. 2: Here the parameters are the same as in Fig. 1, except that y O. (a) y=0. I (b)y= 1.0

In Fig. 2 we show the population dynamics with the same parameters as used in the previous figure, but now decay of
the highest excited state is included. In Fig. (2a) s--0. I while in Fig. (2b) y = 1. As y increases, the population in state 14>
diminishes until the most obvious dynamics is merely the exponential decay of the ground state population out of the
system. Surprisingly, however, as y increases this ground state decay actually decreases its rate. This effect turns out to
be a two-level effect, as we will now discuss.

When the intermediate detunings A1 and A2 are very large, the intermediate states 12> and 13> become virtual states to
which there is no strong coupling. In this limit, these states may be adiabatically eliminated from the problem. Rewriting
the differential equations for a2 and a3 as
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da2 *al+02a3 (5a)dt

-iA2a3-iQ2 a2+Q3a4 , (5b)dt

we see that for large A1 and A2 . these are equations which have a driving force that is much less than the resonance frequency.

The response will therefore be the steady-state response found by setting (da2 /dt)=(da3 /dt)=0. Therefore, adiabatic elimination

of leveis 2 and 3 results in

a2(t) -- a t)+ t(a
A, A1

a3(t )= ±-10(t +-' (t ) (6b)

A1  A1

Using these adiabatic solutions we find

dlt_ lg21I2dlt)i[-- [Jt )+iR a4(t ) (7a)

dt A1

d4t 0 i( 3- 
1A232 )a4 (t ) +i* al (t) (7)

dt A2

where R = fl"203 /AIA 2 is the three-photon Rabi frequency. Notice that the elimination of states 12> and 13> introduces

the off-resonant Stark shifts of the ground and excited states (Sl = 40112 /A1 and S2 
= -0312 /A2 , respectively). If we

redefine the atomic energy levels to include these constant shifts, then we may write

dj a1(t) 0 -R ( al (t)
dt ) ) -R * 4 a4(t) (8)

where A 3 =A3 +(S4 -S 1)

We can now explain the value of A3 that Sharma and Roversi found in their work (see Fig. 1) to maximize the

population transfer to the excited state 14>. With the two-level atom model in mind, we would intuitively expect the
maximum population transfer to occur when A3 =0 (exact resonance). This is precisely the correct idea, except that for exact

resonance we must tune to the Stark-shifted level so that A 3 =0. For Ll=1, f12=1.5, C13 =2.5, Al= 10, and A2 =5, we see

that A 3 = 0 occurs for A3 =1.15, as seen in Fig. 1.

Now, letting A'3 -->A' 3 -iy as before, we find the solutions

A I(t)=e -( +i3)t 2[ [2iA 3 A lo+iRA40]sin(Lt)+A lOCOS('t)) (9a)
A A2 2

A 4 ()=e-(,+iA;)t/ 2 ([_ 7+ A 4 +i-R8A 1 Isin (2L-t )+A 4 ocoS (lA:)}, (9b)
A 2 2

where 2=R 2 +(A' 3 )2 -y2 -2iyA' 3 .

We may now determine the effect that y has on the decay of the ground state. Specializing to exact resonance (A 3 =0)
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and an initially unexcited atom (AI 0 =I, A2 0 = A3 0 = A40O), the probability of finding the atom in the ground state is

IAt(t)12=e- I Z1sin (I-Aot)+cos (14 0t) 12, (10)
4 2 2

with X02=R 2-y2 .
If the decay is much less than the Rabi frequency (y << R), then we find for the ground state probability

L4(t )12=e-'Yt[-Rsin (LRt )+cos (LRt )12, (

which is the expected exponential damping of the Rabi flopping dynamics at the rate y.
If we let the decay rate out of the excited state be very large compared to the Rabi floppping rate (y >> R), then we find

2i1 +B (l-arp(-yl .3) 0] (12)IAI(t)12 =e-R 2/ 2 [ 1  
D2-t)1

2 .

In this case the decay out of the ground state is greatly reduced ((R2/2)<<y), even though the decay of the excited state has
been increased.

We have shown that for the large intermediate detunings used here, an effective two-level atom can be considered
equivalent to our system. It then becomes obvious that the detuning of the third field (A3 ) required to maximize the
population transfer from the ground state to level 14> is just that detuning needed to become resonant with the Stark-shifted
transition (fC4 +S4 )-(C 1I+S l).

We have also seen that the decay of the ground state occurs at a rate much slower than the decay rate of the excited state
(y). This reduction of the decay rate is actually not a result of some kind of four-level interference effect since we have
shown that it occurs quite naturally in the two-level atom model.
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DIRECT MEASUREMENT OF NONLINEAR REFRACTIVE INDEX SPECTRUM IN ZNSE
USING SELF-BENDING OF A PULSED LASER BEAM

Y. J. Ding, C. L. Guo, G. A. Swartzlander Jr., J. B. Khurgin, and A. E. Kaplan
Department of Electrical and Computer Engineering,
The Johns Hopkins University, Baltimore, MD 21218

Abstract
The nonlinear refractive index (n 2) spectrum of ZnSe near the band gap (Xa -450nm)

at 77K was measured for the first time using self-bending of a pulsed laser beam. The typical
self-bending angle was half of the diffraction angle of the laser beam, which translates into a
value of n 2 -10- 8 cm 2/W.

ZnSe is probably one of the best semiconductor materials for the observation and applica-
tion of nonlinear refractive index effects 1- 4 . This material has large optical nonlinearities in
the blue range (Xgap -450nm at 77K) and has been the favorable candidate for the develop-
ment of wide-gap (blue) LED and injection laser devices. Although it is a widely used material
in device applications based upon thermal effect, 2 the nonlinear mechanisms are still not com-
pletely understood. Therefore, a substantial problem in the field is to measure the nonlinear
refractive index in the vicinity of resonant transitions (e.g. exciton or band gap transitions)
and to determine their nature.

ZnSe has been shown to exhibit stron nonlinear absorption for bulk and epitaxially
grown samples due to excitonic saturation, band-filling, Coulomb screening, and/or laser
heating. 2 Consequently one can expect very strong self-action effects, which in turn mly be
used to determine the nonlinear refractive index An(I, X) as functions of both the laser inten-
sity, I, and the wavelength, \, using either self-(de)focusing or self-bending. Self-defocusing
has been observed and used to determine An for some specific wavelengths in some nonlinear
optical materials such as InSb. 5 Using the so-called Z-scan technique which measures the
effective nonlinear focal length and was first proposed by Kaplan in 1969 (Ref. [6]), the
coefficient of the nonlinear refractive index n2 of ZnSe has been measured at two specific laser
wavelengths, 3 however, nonlinear dispersion curves have not been measured. We have used
the self-bending effect first proposed in Ref. [7], as a nonlinear spectroscopic tool to measure
the spectrum of the nonlinear refractive index of ZnSe in the vicinity of the bandgap. 4

An ideal case of self-bending occurs when a slab beam, with a spatial intensity profile that
is right triangular [I(x) -1(1-x/W0), 0 <x < WO, where x is the coordinate across the slab
beam and uO is the beam size], propagates through a thin Kerr-like nonlinear medium 7,8 , (as
shown in Fig. 1), in which the refractive index can be approximated by n no + n2 1, with no
the linear refractive index and n2 the coefficient of the nonlinear refractive index. A nonlinear
prism is induced in the beam path when the slope of the intensity profile, I0 wO, is sufficiently
large. The beam will be self-deflected in the far-field region by the angle NL, which can be
expressed as 7,8

ONL/OD = n2 kLlono2 (1)

where k = 2r/,\ is the wave number, 6D = 2/kwo is a measure of the (half-) diffraction angle,
and L is the thickness of the medium. Similarly, the self-deflection angle of the half-Gaussian
slab beam, whose intensity profile is given by I(x) =Ioexp(-2x2 /w'), x > 0, is nearly equivalent
to Eq. (1). " From an experimental viewpoint, however, one must consider three-dimensional
rather than slab (or two-dimensional) beams.
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Since the self-bending angle is proportional to the coefficient of nonlinear refractive index
n2 , [see Eq. (1)], the spectral distribution, n 2(P) can be directly obtained by measuring AONL
as the laser wavelength is varied. This technique was used recently by Swartzlander, Yin, and
Kaplan (Ref. [9]) in the first experimental observation of the CW self-deflection effect which
measured In 2 I C 10- 7cm 2 /W in the vicinity of the D2 atomic resonance of sodium vapor. In
our most recent experiment we observed the self-bending effect in bulk ZnSe, obtaining values
of n 2 as large as 10-8cm2/W over the range 445-460 nm. To the best of our knowledge, we
believe this is the first direct spectral measurement of n2 in ZnSe.

The self-bending method of obtaining n 2(X) has several advantages over the Z-scan tech-
nique 3,6 and the conventional pump-probe technique. 10 First of all, compared to the Z-scan
technique, the optical quality of the sample needs not be good over large areas. What is more,
our technique requires simply a single shot per data point, whereas the Z-scan technique
involves many shots and high mechanical stability. Secondly, one can directly measure n2with one laser beam whereas using the pump-probe technique, the measurement is done using
both pump and probe laser radiations. Our method is more reliable and accurate since n2 is
proportional to self-deflection angle which is directly measured from the experiment, (see Eq.
(1) above). Finally, the sign of n2 can be directly determined from measuring the direction of
self-bending effect.

The experimental set-up is shown in Fig. 2. We used a 8 ns pulsed dye laser with Cou-
marin 450 which was pumped by frequency tripled Nd:YAG laser, to achieve these self-action
effects. The laser beam was directed through a series of lenses with focal lengths: L, =5 cm
and L2 =-5 cm that focused the beam upon a 100 pm spatial filter pinhole (P), and collimat-
ing lenses L3 = -10 cm and L 4 = 30 cm that passed the beam through a series of optical neu-
tral density filters (OD). The beam size at this portion of the beam was measured to be about
0.7 cm, which was used to estimate the beam size at the sample plane. A beam splitter (BS)
directed a fraction of power to a photodiode (D), and the photo-current was monitored on an
oscilloscope. A razor blade (RB) was inserted into the beam to obscure half of the beam,
thereby form a semi-Gaussian beam profile. The semi-Gaussian profile was imaged onto the
ZnSe sample with an imaging lens (L5 =50 cm). The beam size at the ZnSe sample plane is
estimated to be 2 w0 -200tm, (see inset in Fig. 2) and wavefronts have a finite positive radius
of curvature. After passing through the ZnSe sample the beam is collimated by a positive lens
(L8 =20 cm). Single-crystal ZnSe samples 11 with a thickness of L -500 ym were used. All the
measurements were done at 77K. The spatial intensity distribution in the far-field area was
measured using either a CCD linear detector array, a Polaroid camera or a single photo detec-
tor covered by a pinhole scanning across the beam.

Photographs of both self-focused and self-deflected beams in the far-field are shown in
Fig. 3. The upper two photographs correspond to the linear (left) and nonlinear (right) cases
respectively. The larger beam size in the nonlinear case illustrates the effects due to self-
action. When a razor blade is inserted into the beam, the self-bending effect is observed, (see
the lower two photographs in Fig. 3). The corresponding rough intensity profiles are depicted
next to the photographs. From the intensity profile of the self-bending it can be seen that n2
is positive. The sign of n 2 can not be deducted from the picture of the self-focusing effect
where both positive and negative n2 give similar pictures in the far-field area.

The more precise picture of the self-bending intensity profile in the far-field area was
obtained by scanning a pinhole (the size of pinhole -100 pm is much smaller than the laser
beam size) across the laser beam, and detecting the signal with a silicon photodiode. In this
case, a positive lens (L7 = 5 cm) was used to focus the portion of the beam, which is passing
through the pinhole, into the photodiode. The photodiode signal was measured by using a
Boxcar Integrator (the gate width was set to -- 10ns). Typical results of the experimental
measurement of the far-field intensity profiles are shown in Fig. 4, from which we measure a
self-bending angle of ONL = 3.8 mrad. Usin Eq. 1, we find that n 2 = 6 x 10-9cm2/W ± 10%.
The intensity was calculated to be -- 1.2 x 10 W/cm
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The nonlinear refractive index spectrum n2 (>X) can be determined by measuring the self-
bending angles for different laser wavelengths as shown in Fig. 5. Intensity profiles in the far-
field area are plotted on the left-hand side of Fig. 5 for some specific wavelengths to illustrate
the shifted position of intensity peak. For this measurement, the laser intensity is
-- 6.9 x 10 4W/cm 2 ± 23% and laser wavelengths range from 445 to 460nm. A clear maximum
of n 2 at the wavelength of -447.3nm can be seen. At this wavelength n 2 reaches the value of
--_ 10-8 cm 2 /W. We were not able to measure n2 for the laser wavelength below - 445nm
because there is too much band-gap absorption. Again, from the direction of the self-bending
effect, we determined that n2 is positive. Our experimental results show that ZnSe materials
demonstrate Kerr-like nonlinerity up to the maximum laser intensity - 200 KW/cm 2, meas-
ured in the experiment. Below such an intensity, no saturation of n 2 was observea. This con-
clusion was drawn from the fact that we measured the self-bending angles as a function of the
laser intensity to make sure that Eq. (1) was satisfied. Superlattices and quantum well struc-
tures of semiconductor materials have been shown to possess much larger optical nonlinearities
while their thickness L is usually much shorter than the corresponding bulk materials (Refs.
[1,10]). As a result of these two compensating factors, the self-bending angle may still be large
enough to be measured and used to determine the n 2 spectrum. We are also planning to
measure the n2 spectrum using self-bending effect for these novel nonlinear materials.

There are a few nonlinear mechanisms 2,12 capable of causing the self-bending effect in
ZnSe. One of them is the instant heating of a single laser pulse, originated from LO phonon
scattering with picosecond relaxation times. The contribution of this mechanism can be
estimated using the parameters given in Ref. [2] as follows. Roughly speaking, the increase of
the sample temperature due to heating of a single laser pulse with the pulse energy Jl,.1 e, is
limited by

(AT)max. - J1,er / 7r cp w0 L (2)
where cp -1.8 J/K cm 3 is the heat capacity of ZnSe. 2 In our experiment the typical laser
energy per pulse is Jlaser 10-8 Joule, which can not increase the temperature of the sample by
more than AT= 1 K using Eq. (2). Consequently, the band gap decreases by
AEg = (dE,/dT)" AT, where dEg/dT = -8 x 0- 4 eV/K, (Ref. [13]), which is less than 1 meV.
These small changes of band gap are not sufficiently large to induce the strong self-bending
effect observed. Thermal change of the refractive index due to repetitive laser pulses can also
be excluded because when we changed repetition rate from 10Hz to 1Hz, no substantial change
of far-field intensity profile was observed. The saturation (band-filling) effect is another possi-
ble mechanism, but it would lead to an increase in effective bandgap, and thus to the decrease
of the refractive index, i.e., to the negative An and n 2 . One plausible mechanism for n2 > 0,
as observed, is band-gap renormalization due to electron-hole plasma interaction - correlation
and exchange. This phenomenon would cause the band gap to shrink. Therefore, the absorp-
tion increases near the band gap and the total refractive index (or the nonlinear refractive
index) of ZnSe would increase as well, just as measured by us. The detailed calculations due
to this mechanism and comparison of theoretical results with our experimental results are in
process.

In conclusion, the nonlinear refractive index spectrum of ZnSe was directly measured
using the self-bending effect of a pulsed laser beam. Our experimental results show that the
self-bending effect can be a reliable method to directly measure the nonlinear spectrum of sem-
iconductor materials such as ZnSe, GaAs, and InSb. In the future we are planning to do
detailed investigation of the mechanism of nonlinearity in ZnSe at the the band gap of both
bulk and superlattice samples, to develop and improve our new experimental method and use
the new knowledge to develop a new efficient method of nonlinear optical power limiters,
based on self-bending effect, in particular for such applications as radiation protection of opti-
cal sensors.

The authors appreciate C. T. Law for valuable discussions and M. Shone for providing
bulk ZnSe materials for our experiment. This research is supported by AFOSR and NSF.
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Fig. 1 Right-triangular intensity profile, of size wo and peak intensity Io, is incident upon a
thin nonlinear-refractive medium (n = no + n2 1) of length L. A nonlinear prism is
induced in the medium, causing the transmitted rays to be deflected by an angle ONL.
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Fig. 2 Schematic diagram of the experiment. See the text for a complete description. The
inset shows a razor blade inserted into the beam to form a semi-Gaussian beam
profile, which is then imaged into the ZnSe sample plane. The beam is self-deflected
towards the razor image because n 2 > 0.

Linear Nonlinear
(X =457nm) (X = 447.5nm)

Fig. 3 Photo measurement of self-focusing (upper pictures) and self-bending (lower pictures)
in the far-field area is illustrated. The left photo pictures correspond to the linear
case and the right ones correspond to nonlinear case. The rough intensity profiles,
derived from the exposure density of the photos for two cases are plotted next to pic-
tures.
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Fig. 4 The spatial intensity profiles of a laser beam in the far-field area after passing
through ZnSe are plotted vs. deflection angles for linear and nonlinear cases.
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Fig. 5 The spectrum of nonlinear refractive index n2 is measured vs. the laser wavelength.
For illustration, intensity profiles in the far-field area are plotted on the left-hand
side for some specific wavelengths.
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STUDY OF MID IR FIBER TRANSMISSION AND MODE PATTERNS UNDER
LASER INDUCED STIMULATED BRILLOUIN SCATTERING

C. Yu, Yat C. Chong and Hongyi Zhou
Department of Electrical Engineering, North Carolina A & T State University

Greensboro, NC 27411

Abstract

Mid IR fiber transmission and exit radiation mode patterns at various incident CO laser
power levels appear to be effective diagnostic tools for monitoring laser induced stimulated
Brillouin scattering in various mid IR fibers. Such processes are deemed to be essential
mechanisms for fiber-optic amplifiers and switches as potential replacements of current
repeaters and bistable devices.

Introduction

Electronic communication technology advances with increasing operating frequency are
intrinsically limited by component size, as such components are powered by conduction
(or electronic) currents. Reduction in component size to meet high operating frequency
requirements is ultimately an impossibility from manufacturing and waveguiding property
viewpoints. As operating microwave frequency escalates, coaxial and hollow metallic wave-
guides are, inevitably replaced by strip lines for microwave integrated circuits and
components, such as filters, couplers, resonators, antennas, etc. They provide the necessary
flexibility and compactness. Due to the open structure of the microstrip, the EM field is
not confined totally to the dielectric, but is partly in the surrounding air. Provided the
operating frequency is "not too high", the microstrip line will propagate a wave, which for
all practical purposes, is TEM in nature. Electronics based metallic conductors have a
serious disadvantage for use at high frequencies, since the surface resistance of metal
increases as the square root of the frequency. This in turn causes the ohmic attenVjion
of the guide to increase. For instance, attenuation per wavelength increases as W " in
coaxial lines, so that such lines are seldom used above 20-30 GHz. Similar arguments apply
to other metallic guiding structures. Hollow metal waveguide is somewhat less lossy, because
of its larger ratio of volume to surface area, and hade thus been employed up to 100 GHz.
However, at optical frequencies of the order of 10 GHz, as current communication demand
trends in capacity dictates, the ohmic losses of any metal waveguide will be so large, as
to be completely impractical. Diminution of metal waveguide size also leads to loss of
waveguding properties and hence excessive radiation loss,as evidenced in MMIC circuits.

It is thus a natural step to take by abandoning conduction electron-based technology,
that is, the elimination of metallic components. This natural transition leads us to the
mature techniques of optics. Optical technology has become viable following the removal of
certain bottlenecks. The first bottleneck of lack of a high-power monochromatic and tunable
source, equivalent to the low frequency generator or microwave klystrons or solid state
oscillators, has been removed with the advent of tunable lasers. An essential lowloss medium
is now readily available in the form of optical fibers. The remaining bottlenecks are
amplifiers and switches. Currently, these are still electronically based repeaters and
switches, causing severe interface problems. Electronic computers also pose an optical-
electronic bottleneck that needs to be addressed.

It is therefore clear that optical communiation technology is not only a necessary
replacement of electronic communication technology, but also potentially a superior techno-
logy. A brief comparison of the properties of optical and electronic systems is given in
-Table 1.

Table 1 : Distinction Between Electronic and Optical

Communication System.

Optical Properties Electronic Properties
Wide Ban(lwidth(- 101 Hz) Narrow Bandwidth (- 101 Hz)

Faster Operation Slow Operation
Piirallel Processing Serial Procesing

Inimunitv to External EM I Easily Affected by External EMI
No RC C'onst. & Heating Problems RC Const. & Heating Problems

Comnpatibility to Fiber Comi nun. Sys. Incompatibility

No Interface Problem Interface Problem
Small Size, Light, Low Cost Large Size, Heavy, High Cost

849



Another attribute of using photons and a dielectric guiding medium is that interaction
between the two is a distinct possibility, unlike the electron stream in a conductor, in
which the latter only offers resistance to the flow of the former. In other words, no
control of the flow of electrons is possible through its guiding medium, the conductor.
Thus, in electronics, all control functions are carried out through the semicorductor, via
minority carrier flow, hence inherently slow. The boson nature of photons also allows them
to traverse the same guiding medium without affecting one another, while electrons shun
one another. This leads to the parallel nature of photonic communication, as opposed to
the serial nature of electronic communication.

The prospect of parallel processing and direct control of signal flow via the guiding
medium, thus the elimination of interfaces or bottlenecksis the driving force behind the
transition from electronics, to electronic-optical hybrids and, ultimately, all-optic
communication and computing systems. Our endeavors are directed at addressing the all-optic
scenario by attempts at producing the two key elements: optical amplifier and optical
switch.

All-optical Amplification and Switching

All-optic technology is rapidly becoming an action item that cannot be overlooked. These
are all-optical amplifiers, switches, memory or computing elements.

Conventional or linear optics assumes photons do not interact with one another, and the
medium only guides the photons, much like copper wire guides the electrons. However, to
construct all-optic devices without resorting to any electronics, i.e., no conduction
electrons are involved, we must force the photons to interact. This has been accomplished
by employing the well established phenomena of nonlinear optics.

By definition, all media are linear when subjected to low intensity (power) forces. They
become nonlinear when the impressed forces are so strong that the responses of the media
reach saturation or the yield point. The predominant force that is distorting the medium
will then be able to affect another weaker force, which relies on its transmisison via the
medium. In this manner, the weaker is said to be controllable by the stronger force, and
we have device action.

For amplification, modulation and switching, it seems that stimulated Raman and stimula-
ted Brillouin scattering will best serve the purpose. Not only can they perform these
essential functions, but also can be implemented in the transmission medium - the fiber,
itself. The employment of these nonlinear mechanisms will remove the interfacing problem
in current electronic-optic hybrid technology.

Implementation of these processes is possible in a fiber medium at watt or even milliwatt
level input light power so as to reach the nonlinear regime because lowloss fibers provide
the necessary power density x interaction length product.

Stimulated Brillouin (sBs) and Raman (sRs) Scattering

Stimulated Brillouin and Raman scattering processes induced by incident light result in
co-flow and contra-flow pump and Stokes shifted waves in the fiber medium. Due to small
core diameter, extremely low loss and long lengths available in present monomode fibers,
serving as main carrier channels of communication systems, these nonlinear effects can
occur at power levels as low as milliwatts. In the contra-flow scheme, incident light is
scattered backwards, so that raising incident power to increase repeater spacing will be
hampered by this process. This contra-flow sBs process presents the ultimate limitation
on fiber signal transmission. From another point of view, the Brillouin mechanism can be
employed as a means of all-optic amplification and switching in the guding medium. Thus,
sBs induced backscattered Stokes light and the energy exchange between incident and Stokes
waves can be used to control the switching and amplification of optical signal transmission.
The extremely smaLi sBs oain linewidth of the order of MHz can thus be used to amplify
selectively a particular signal wave in the fiber, and this naturally leads to a superior
signal to noise ratio.

The energy exchange via sRs and sBs is described by the following set of coupled equations:

dlS(z) =d
dz -..±gS(ZIL(Z) ±s(z)1= 0

dIL(z) = dz LIL(Z)k*(J
dz -~I~)sz
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where the sum of the laser pump intensity IL and Stokes wave intensity I is conserved along
the fiber. Thus, energy is being constantly exchanged between the pump ai~d the Stokes wave.
I and It  are in contraflow, so that if I is the signal wave and it grows, we have
aiIplific tion; on the other hand, if I dcays, then we have switching. Since in this
switching regime, forward signal energ is switched into the backward direction, we actually
have directional switching. In the case of sRs, we have a co-flow interaction scheme, so
switching occurs when energy is switched from one frequency to another, hence the so-
called frequency or wavelength switching. Here, a filter or Fabry Perot interferometer must
be used.

SBS Based Fiber-Optic Switch

Two schemes of an sBs based fiber-optic switch are shown below:

fiber Ampifir ave generator

coupler optical filter
pasing wavelength

atX l
Fig. 1. a. sBs based switch using commercial Raman shifter and

amplifier and s~s shifter.

S if Detector

A 12htone 12

ane wa generrsw t or

fiber

Fig. 1. b. sBs baesd switch with commercial units replaced by

fiber-opt ic counterparts.
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In Fig. 1. a, the Raman shifter produces a Stokes-shifted wave, which serves as the
pump beam for A. in the sRs amplifier. This is necessary since the incident N beam is
deliberately sel at a power level below the sBs threshold. The output of the sIs amplifier
is passed through a filter or Fabry Perot to remove X3 and is sBs stokes shifted to produce
N2, I I ch acts as the pump, after traversing the attenuator, for the main sBs based
switch7-The attenuator functions as a control device for the switch. If the attenuator is
made wavelenth sensitive, then this switch can serve as a multiwavelength or wavelength-
division switch, truly of ultimate compactness. Corresponding fiber-optic units are
shown at corresponding locations in Fig. 1. b. Fresumably, the latter will be superior,
since no exposed interfaces are created, unlike the case in Fig. 1. a, where exposed
interfaces exist at fiber-commercial unit junctions, i.e., commercial units are not
fiber-optic.

Mode Pattern Diagnostics of sBs Phenomenon in IR Fibers

Attempts have been made in the observation of sBs phenomenon in fibers using the Fabry
Perot interferometer, transmission and reflection data and direct phonon emission. Results
of these approaches are at best ambiguous.

The Fabry Perot will have great difficulty in resolving the Stokes shift due to sBs,
since the amount is so small, and this quantity decreases with increasing pump wavelength,
as in the case of mid IR operation.

Monitoring of onset of sBs by observation of the transmitted and reflected laser pump
pulses simultaneously, while in the meantime holding pump power level constanthas been
found to be difficult. Observation of any pump pulse power depletion at the fiber exit end
encounters the same problem as that of the Febry Perot. It appears to be a good idea to
monitor the reflected pulse from the entrance end of the fiber. However, this is often
masked by Fresnel reflection of incident pump light from the entrance end and random reflec-
tion from surrounding walls. Much more precise instrumentation and experimental design are
necessary for any success.

Phonon emission possibility or microwave enhancement of emisisons are explored without
much success. Schemes are being devised to better encase the fiber in an appropriate
waveguide structure for maximum interaction between any fiber sBs phonon emission and
externally injected frequency-matched microwave radiation.

We have devised another method of monitoring the effect of sBs in a fiber by observing
the mode pattern of radiation, emerging from the exit end of the fiber. Both thermal image
plates and Spiricon linear pyroelectric array are employed. The former is used for analog
reproduction of the mode pattern, and the latter, for real time profile reconstruction.
The basis of this approach is the formula of pump depletion as a functiog of pump power
of intensity, graDhically demonstrated in Fig. 2 for a gaussian beam.

0 I

Fig. 2. a. Gaussian incident pump beamn.

Fig. 2. b. Pump bean transmitted by fihr.
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Obviously, the fiber used must be a low-mode fiber, preferably, single-mode. Multimode
fibers can be used, if mode stripping is implemented. Higher order modes are undesirable
in this case, since these modes will first subtract power from the fundamental, which is
gaussian-like, and shift power to the region near the claoding. This process of depleting
pump power from the core, due to the presence of excessive number of higher order modes,
is no different,from an observation point of view, from such depletion due to sBs. Such
masking will not occur in single-mode fiber. Therefore, for testing purposes, either
single-mode fiber or mode-stripped multimode fiber must be used.

Thermal.
Image
Plates

fiber
Laser [/ _ Mdv t r i p p e r  ~ae

ObjectiveMoeSrpr
lens &

fiber positionet

Thermal
Image Plates

Fig. 3. Experimental setup for mode pattern
study

It must also be noted that from the above reasoning, the most efficient fiber based
sBs amolifier or switch must use single-mode fibers. This is yet to be verified by
experiment.

Conclusions

The availability of commercial sRs and sBs amplifiers and shifters points to the feasi-
bility of the construction of all-optic fiber-based amplifiers and switches. The all-fiber
scheme without any interfaces still awaits implementation. The importance of the use of
single-mode fibers seems to deter our currents efforts in the mid IR region, since such
fibers are not yet commercially available. It is logical that the initial prototype may
have to be constructed in the 1.5 micron Nd-YAG lasing region, where lowloss, single-mode
fibers are easily found in the market.
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Abstract

Multiplex rotational CARS spectra of H2 have been recorded in a quartz cell placed in a furnace. The Stokes
laser was tuned to the desired spectral region to obtain the H2 pure rotational lines S(4) and S(5) with comparable
intensity in the temperature range 800 K - 1500 K. The observed spectra were fit with model spectra to extract
the temperature. The temperature measurements with the normalized intensities ratio for S(4) and S(5) were also
demonstrated.

Coherent anti-Stokes Raman spectroscopy (CARS) has been used for non-intrusive temperature measurement in
harsh, turbulent, and high luminous combustion environments.1 Temperature measurement has also been performed
in particle loaded combustion environments such as a coal fired MHD test stand, 2 a coal gasifier3 and a coal
furnace. 4  Since the CARS signal is generated at the focal volume where the high power Stokes and pump laser
beams interact, the presence of a particle will produce breakdown and a nonresonant background is added to the
resonant CARS spectrum. The particle induced laser breakdown will reduce the measurement accuracy of CARS.
Unfortunately, the laser breakdwon threshold is of the same order of magnitude as the laser intensity needed
to generate the multiplex CARS signal in BOXCARS phase matching geometry. Thus, for a particle loaded medium
a CARS technique is needed for which the signal can be produced at lower laser intensity. This can be achieved
with the two Stokes wavelengths CARS5 with collinear or USED CARS phase matching geometry.

Hydrogen is a major species in a coal gasffier and in rocket fuel combustion. It is well suited for
combustion thermometry because of the simplicity of iIs vibrational Q branch CARS spectrum. Studies have been
made on using H2 vibrational CARS for thermometry. , The authors have found the H? pure rotational CARS is
also ideal for the thermometry. The H2 rotational lines are well separated which is also fairly easy for
performing the two wavelengths CARS technique. In this paper, a study on using H2 pure rotational lines S(4)
and S(5) for temperature measurement was presented.

Werimzenta

The experimental configuration has been described in detail previously.8  In brief, a frequency doubled
Nd-YAG laser provides the pump beam and also pumps a dye laser to produce a broadband Stokes beam. The pump
and Stokes beams were aligned according to the BOXCARS phase matching geometry. One-tenth of the beams were
focused into a reference cell to generate a nonresonance CARS signal and the rest of the laser beams were focused
into the test medium. The CARS signals generated at the test medium and the reference cell were separated from
the laser beams with beam blocks and dichroic mirrors and detected with an optical multichannel detector (OMD)
attached on a 0.75 m Spex monochromator.

To study the feasibility of making temperature measurement using the pure rotational CARS spectra of H2
S(4) and S(5) line, a series of measurements was made. Data were taken in a sample cell placed in a furnace
whose temperature was varied between 300 K and 1500 K. The temperature of the furnace at the measurement point
was monitored by a thermocouple. The H2 rotational CARS spectrum and the nonresonant background were recorded
simultaneously. Then the H2 CARS data were normalized by the nonresonant background. The normalized CARS data
were transferred to the VAX-780 computer for analysis.

Theoretical Considerations

The intensity of anti-Stokes beam can be expressed
9

=f IXCARS 17 /(W)I 2 (W 2 )I 3 (WA3 )6(u, + W 3 -_W 2 -wo,)d ,d 2doW 3  (I)

where the /,(w, ), 13 (w.) are the pump beam intensity, 12 (cA12 ) is the Stokes laser beam intensity and XrARS is

the third order susceptibility of the medium which consists of a frequency dependent resonant part and a

nonresonant part.
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XCARS = . .(X.(W I - CU2 )+ X,(W3 -u 2)) (2)
'2

The resonant susceptibility of a pure rotational S-branch transition can be expressed asI0

S(~ (2.1+-I) 4 2 J:

x,(Wu, -w- 2 ) = -(01 -W, + W2- r ) fi- h .-2 Y2 b 2 K(J) (3)
hi (2J1 - ) )45 00J

where K(J) is the first order line strength correction factor for centrifugal distortion, N is the number

density of the probed molecule, f is the population factor, bj.2 is the Placzek-Teller coefficient; rj is the
Raman linewidth.

The intensity of H2 rotational H2(4) and H2(5) line are calculated using equations 1-3. The molecular
constants given by Jennings et all1 were used to calculate the rotational energy levels. The H2 linewidth is
Doppler broadened for densities of less than - 0.2 amaga. Although no direct linewidth measurement for H2 S(4)
and S(5) line is available, a reasonable approximation is using the measured S(9) line width11 to calculate the
S(4) and S(5) line Raman linewidths. The H2 S(4) and S(5) Raman linewidths were calculated by

rs( U (4)
U $(9)

The intensity of H2 S(4) and S(5) line were calculated at various temperatures. The intensity ratios of
S(4) to S(5) at various temperatures were also calculated. The ratioes are quite sensitive to the temperature
as shown in Figure 1. Therefore, it can be a reference for quick temperature estimation.

Results and Discussions

The temperature can be extracted from the spectrum of H2 S(4) and S(5) line by two ways First, a nonlinear
least squared fit can be performed to extract the temperature from the spectrum shape. A typical result using
this method is shown in Figure 2. The temperature extracted from that spectrum is 1375 K which is 73 K higher
than the thermocouple measurement. Since the intensity ratio of the S(4) to S(5) line is quite sensitive to
the temperature, the temperature can be estimated quickly by comparing the normalized intensity ratio of H2 S(4)
to S(5) lines with the theoretical calculated results. Table 1 shows the measurement results using this quick
temperature measurement method. The inferred temperature errors are within 100 K compared to the thermocouple
temperature. Further work is still needed to improve the accuracy of these measurements. Since the H2 S(4)
and S(5) lines are in the CO2 CARS spectral region, the interference between the H2 lines with CO2 lines cannot
be neglected. The temperature estimated methods mentioned above only good for the condition where no CO2 is
in the test medium.

Conclusions

This preliminary study shows that it is possible using the CARS spectrum of H2 pure rotational S(4) and
S(5) lines for the temperature measurement in the practical environment. Thus H2 S(4) and S(5) rotational lines
are the best choice for using the two wavelength CARS technique to perform temperature measurement in a particle
loaded combustor with H2 as a major species and without CO2 such as a coal gasifier. More studies on performing
temperature measurement using these H2 pure rotational lines will continue.
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Table I

CQmparison of the thermocouple temperature
with the

inferred temperature from intensity ratio of S(4)/S(5).

Temperature
Thermocouple Inferred from

Temperature (K) Intensity Ratio (K)

537 605

783 710

1100 1165

128G 1250

1

6

-" 2

586 1006 156 2666 2566 3600

TEMPERATURE (K)

Figure 1. Variation of the intensity ratio of H2 S(5) and S(4) lines with temperature.
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ABSTRACT

Stimulated Raman Scattering characteristics in high pressure hydrogen are evaluated for
pumping laser with different beam spread angle. The effects of the beam quality of the

injected emission on the Raman beam clean-up are investigated to obtain diffraction
limited first Stokes emission.

ITRODUCTION

Excimer laser allow the generation of high power radiation at a set of wavelength in the

UV region. An increase of the number of lines generated in the UV and visible e~ion can

be obtained by Stimulated Raman Scattering ( SRS ) of excimer laser radiation.

In this work, the effects of pumping beam quality on the SRS characteristics are evaluated
with the pumping laser using plane-parallel,stable and unstable resonators. For unstable

cavity configuration, the laser pulse energy is one joule with beam spread angle of 0.3
mrad. The total energy conversion efficiency of 59% was obtained at 5-17 Atm. of hydrogen
gas pressure, which is 2.7 times higher than that with plane-parallel resonator.Further-

more,by using a ring aperture to select the part of the laser beam with beam spread angle
of 0. I mrad, more than 90 Raman photon conversion efficiency was obtained with pumping
energy of 40 mJ.

SRS also can be used for improvement of the beam quali~y , differaction limited Stokes

output can be obtained by means of Raman beam clean-up . In this work,diff raction limited
SRS first Stokes output with peak power of 0.2 MW was obtained by using spatial filter.

This beam was used as an injection source to control the beam quality of the Raman
amplifier. The Raman gain coefficients and the Saturated parameters of the Raman amplifier
were obtained for hydrogen gas pressure between 4-6 Atm. The effects of the beam quality
of the injection emission on the Raman beam clean-up were also investigated.

HIGH EFFICIENCY RAMAN CONVERSION WITH ONE JOULE EXCIMER LASER

The SRS optical geometry is show schematically in Fig. 1. The pump laser is an X-ray

preionized , transverse gas flowing,repetition rate operated,electric discharge pumped

XeCI excimer laser . A confocal unstable optical resonator in the possitive branch was
used to improve the beam spread angle . A lens coated with a total reflection coating
on the central circle ( D = 0.6 cm ) in diameter is taken as the output mirror. The
laser beam near field pattern is a rectangular ( about 21 x 23 mm ) with a 6mm hole at the
center. The laser baem is focused into the Raman cell with 18 MW ( I Joule,55ns ) peak

power,0.3 mrad beam 2spread angle and 2 ns pulse rise time. The focal power density is
'hout 25000 MW / cm

For comparison, plane-parallel and stable resonators were also used in our experiments.
When stable resonator was used for excimer laser as a pumping source, no SRS emission was

observed with hydrogen gas pressure between one to 17 Atm.. The total Raman conversion
efficiencies as a function of the pumping laser energy and hydrogen gas pressure are shown

in Fig.2 and Fig.3 respectively.

The threshold of SRS with plane parallel resonator pump laser is about 300 mJ, some times,

the SRS signal was observed with pumping laser energy of 200 mJ, but it is not stable.

For the unstable resonator pump laser, the SRS emission appears at a pumping energy of
several mJ. This result implies that the key factor that optimize Raman conversion

efficiency is the beam quality of the pumping laser. Table I summarized the effect of the

beam divergence on the total SRS conversion efficiency.

From Fig.3, we can find that when the hydrogen gas pressure is larger than 5 Atm., the
total Raman energy conversion efficiency is unchanged around 60%.But the distribution of
the Raman emission in different Stokes orders is different. For example, when the hydrogen
gas pressure is 5 Atm.,the energy conversion efficiencies for SI ( 353nm ), S2 (414 nm

S3 (499 nm ) and S4 (630 nm ) are 23 %, 27 %,6 % and I % respectively. At 17 Atm.,they
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changed to 13 %, 14 % , 24 % and 7 % respectively. At this condition ,efficient blue-green
conversion was obtained ,240 mJ of S3 stokes emission with 11 MW peak power output was

observed . Which corresponds to 39 % photon conversion efficiency.

TABLE I EFFECT OF BEAM DIVERGENCE OF THE PUMP LASER ON THE TOTAL

SRS conversion efficiency

Laser resonator RI R2 L E 8 P n

(cm) (cm) (cm) (mJ) (mrad) (MW/CM
2 ) (%)

STABLE 300 00 t00 1300 10 20 0

Plane-parallel 00 C0 100 1400 4 130 22

Unstable 300 -50 125 1000 0.3 25000 59

In another serious experiments, by using a ring aperture to select the part of the laser
beam with higher beam quality, more than 90% Raman photon conversion efficiency was
obtained with pumping energy of 40 mJ. ( Fig.4 and Fig.5 )

Two kinds of optical methods are used to attenuate the pumping laser beam. One is using

ORIEL calibrated mettallic density filters ( F ); another is using a ring aperture to
select the part of pumping laser beam ( D ). Stokes output energy conversion efficiencies

versus the input pump energ.y is shown in Fig.4. From Fig.4, we can find the Stokes output
conversion efficiencies are increased at lower pumping energy with the ring aperature as
the optical attenuator. For example, at the pumping energy of 320 mJ, the total Stokes
energy conversion efficiency is 42 %, it reduced to 34 % at a pumping energy of 40 mJ with
neutral density filter. When the ring aperture was used as the optical attenuator, the
total Stokes energy conversion efficiency increased to 60 % with photon conversion

efficiency more than 90 %.

Furthermore, the distribution of the Stokes output at different Stokes orders is also
different for these two kinds attenuator methods. At the pumping energy of 40 mJ, the
dominant Stokes output is SI at 353 nm with neutral density filter attenustor; in contrast,
higher Stokes order output can be obtained with ring aperture attenuator, as shown in Fig.5

the energy conversion efficiency of S3 increased to 19 % .According to the power density at

the focus region with unstable resonator without attenuator, the beam spread angle with
ring aperture ( at energy of 40 mJ ) can be estimated as less than 0.1 mrad.

When the ring aperture is used as the attenuator, the beam diameter is 10 mm, the
diffraction limited beam divergence 9 L is

0 = 4 h /XtD

in which D is the beam diameter, A is the wavelength of the pumping laser. For D = 10mm,

= 308 nm , we have 9 = 0.04 mrad. So that at the pumping laser energy of 40 mJ,

attenuated by ring aperture, the beam divergence is only 2.5 times of the 8 L

On the other hand, with whole output beam diameter, the beam divergence is 15 times of
the L with D = 20 mm. The improvement of the beam quality makes it possible to obtain
high Raman conversion efficiency at lower pumping energy.

Our experimental results also show that the field profiles of the Stokes output are not
as same as that of the pumping laser . In Fig.6, an almost uniform pattern of SI was
olserved pumped by a laser beam with ring pattern. Theoretical analysis was consiste with
experimental data by solving SRS wave equation using Gaussian-Hermite couping method
As an example, the spatial distribution of the normalized pump intensity with 15th Gaussian
-Hermite mode and related Ist Stokes intensity are shown in Fig.6 in the right column.
The results are in good agreement with our experimental data.
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RAMAN BEAM CLEAN-UP

Beam clean-up, involves the transfer of energy from a highly aberrated pump beam to a

diffraction -limited Stokes without transfer of the aberrations. The experimental set-up

for Raman beam clean-up is shown in Fig.7. The laser beam from XeCI excimer laser was

devided to two parts by beam splitter B. The output of the Raman oscillator selected by a

spatial filter to get diffraction-limited SI emission. The pine hole DI is placed at the

focus plane of lens f2. The diameter of DI can be changed from 0.1 mm to 0.4 mm. This beam
is injected into Raman amplifier through the hole at the center of the mirrop M6. The Raman

amplifier is pumped by the mirror MI, M2, M3 and M6.

An Raman amplifer measurement was taken to obtan the Raman Gain coefficient and saturated

paramenters at different hydrogen gas pressure. The Raman amplife5  energy versus input

energy is given in Fig.8. According to the laser amplifier theory , the small signal Raman

gain coefficient for the first Stokes emission were obtained . They are O.063/cm,0.O50/cm

and 0.038/cm at 4,5 and 6 Atm. respe 5 tively . The saturated intensities for the first Stokes

emission are 1.3 , 1.2 and 1.0 mJ/cm at 4 , 5 and 6 Atm. respectively.

Fig.9 shows the far field beam profiles for Raman beam clean-up. The results show the beam

quality of the Raman clean-up output can be controlled by the injection source. The FWHM

diameter of the Raman beam clean-up output is almost as same as the diameter of the injected

source with DI changed frn 0.1 mm to 0.4 mm.

When the pumping beam of the Raman amplifier is detorried by some optical elements, the beam
profiles of the Raman beam clean-up output are not affected . Detailed experiments for

increase the conversion efficiency of the Raman beam clean-up are in progress.
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R. B. Aiaverdian*, and V. E. Drnoian

Department of Physics
Yerevan State University

Yerevan, Armenia, 375049 USSR

Abstract

Laser-induced bulk gratings and temporal instabilities of nonlinear wave processes with
different components of light polarization have been studied in the liquid crystals. A
mirrorless feedback arises because of the non-local nonlinear response of an anisotropic
elastic medium on the external field. 'The multiplicative nature of the molecular fluctua-
tions in the liquid crystals under external field are discussed and the light-induced
reorientation effects in this medium cai be considered as noise-induced phase transitions.

Introduction

The non-steady and stochastic wave p'ocesses and instabilities which arise due to the
propagation of light in highly nonlinea, medium are a subject of intense study for the
present time. Although the problem of instabilities of nonlinear wave interactions in
condensed matter has been discussed repeatedly in early nonlinear optics, such studies
were based on the principle of a weak local nonlinear response of medium. In fact, the
strong nonlinear interactions in these cases arise because of the accumlation of coherent
processes along the thickness of nonlinear medium.

At present the nonlinear materials with very high nonlinearity have been already
discovered. Liquid crystals (LC) are one of the examples of such medium. Because of the
high anisotropy as well as the collective behavior of molecules under any external field
LC are unique nonhomogeneous anisotropic objects for nonlinear optics and their use leads
to the qualitatively new phenomena.

1

These effects are manifested in two aspects: 1) the threshold high nonlinearity of
LC leads to the real laser-induced structural phase transitions without any temperature
variation of the substance [2], and 2) the variations of the Bragg resonance conditions
due to laser intensity lead to the self-action effects of the light in a spatially
periodic nonlinear medium [3]. The first case concerns to nematic LC (NLC)2 the second
one to cholesteric LC (CLC). Both of these cases are a realization in nonlinear optics

of distributed feedback system [14]. For IILC the lifferent spatially modulated structures
ari- in the medium [1]. [n CIC the spatial scale f periodicity is changed. This leads to
the following:

First, the intrinsic optical bistability (multistability) in wave phenomena without
any external feedback [5]. The multivalued regimes occur because the propagating light
waves induce the dynamic gratings of refractive index inside the highly nonlinear medium.
The feedback arises even when there does not exist any wave reflected back from these
structures, and that is determined by the nonlocal nonlinear response of the medium to
the laser field because of the elastic forces [5].

Second, to the temporal instabilities and stochastic processes for the light-induced

reorientation in LC (at CW pump radiation) which occur in such systsm [1,5]. These
dynamic self-diffraction effects due to the anisotropy of the medium because of two
waves of different polarizations, travelling through the medium, create laser-induced
gratings along the thickness (d) of the sample (z-direction). An energy interchange
(over time) occurs between two polarization components**in this laser-distored nonhomo-
geneous anisotropic medium with spatial modulation of the optical axis n(z).

The fluctuations of the molecules play a principal role in such systems. In fact, on
the one hand namely the fluctuations in nonlinear dynamic system determine the development
of the processes in it, in particular the transition to the chaotic regime [6]. On the

* Nagorniy Kharahakh, Armenia, 375000, USSR

**The description of this processes with analogy of two coupled (orthogonal) oscillators

is useful [5].
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other hand, the fluctuations can lead to the noise-induced phase transitions ['1].

The study of all these (and other) processes in LC (in particuolar, in experiment) is
very important from the physical point of view for understanding the phenomena in
nonlinear dynamic systems of quite general type with a threshold behavior. Some of them
we shall discuss in this paper.

L-aser-Induced [ulk Gratings in NLC Oscillations Over Time

The laser-field action on LC leads to the spatial instability of an initial equilibrium
state of the medium (homogeneous over the sample thickness d), and the reorientation
effects, i.e., the light-induced structiral phase-transitions, occur. The parameter
changing under laser radiation is the angle of reorientation T , which shows the deviation
of' the orientation of the local optical axis (direction 1 ) from the initial (unperturbed)
direction (oll z) in accordance with the configuration of the light-wave field in the LC.

On the contrary, the distorted structure, produced in the LC by a laser radiation, has
an opposite effect on the propagating light wave. The most interesting of these self
aiction effects for the optical range are the schemes of dynamic self-diffraction of two
or more watves when the 1 1ght field induces the gratings of the refractive index n on
which the incident waves are diffracted 11]. These processes correspond to the Frequency
four-waive interactions in the usual terms of nonlinear optics.

The standird schemes of self-diffraction when two or more waves intersect (under a
smll angle 0) are a typical case for an isotropic nonlinear medium (different waves
have the same polarizations inside the medium). The period of the recorded grating is:
A = X/nr r, where X is the wave length.

In the IC, as in any ani otropic medium, two-wave propagation condition can also occur
(with a single input wave ), because two waves of ordinary (A) and extraordinary (B)
polarizations with refractive indexes nro and nr , respectively, exhibit inside
the medium. As long as two orthogonal components o polarization of the light field
propagate along the thickness of the medium (a z - axis), we have a continuous variation
of the phase retardation between them. Thus, a non-homogeneous (along z) polarization
of the transmitted wave occurs. This means that the light field acts on the NLC molecules
with various forces along the thickness. Therefore, the rotational moments affecting on
the molCcules are not equal. This leads (at a sufficient intensity) to the non-homogeneous
reorientation of the molecules inside the medium and so, a bulk grating, which is deter-
mined by the polarizations of the transmitted waves, is induced in NLC.

Thus, the waves propagation in NIC are accompanied by writing the refractive-index
gratings, which results in self-modulat'on of the transmitted light waves. Essentially,
this case may also be ;ascribed to the scheme of dynamic self-diffraction.
Here A - /(nr - n ro). In an experiment with LC, usually nr 0 << nre - nro I therefore,
this grating h-as a much smaller period than that in scheme with the intersecting waves
of identical polarizations.

We confine ourselves here to the comnent that such induced gratings are not phase
gratings only. An expression describing thc relationship between the amplitudes of waves
with orthogonal polarizations (A and B) not only includes a term corresponding to the
nonlinear phase retardation q)Nh but also a term including the changes in the amplitude
parameters. A characteristic spatial scale for this energy interchange in the NLC is
determined by the value i/vA , where A. is tne intensity of each components of the
light-field (i = 1, 2), = - /161 , q, is the z-component of the difference
q k - b between wave-vectors ior e- and o- wave, 4 = '611 -leil , I are
the dielectric components parallel and perpendicular to the director and K are the
optical anisotropy and elastic parameter of the NLC, accordingly [4]/ In the CLC the
periodic energy redistribution between the waves leads to the so called pendulum beatings
(over the space)(5].

The laser-induced bulk gratings in NIC represent a threshold effect when E J no
In fact, because of the competition of two forces, namely the light field and the elastic
force, the threshold reorientation occurs in this case (the free energy density of NLC
under external field has a potential barrier separating two states of the system: intial
and distorted).

For oblique incidence (but still B ' 0 ) two orthogonal components of light
polarization (A a,.d B) arising in this case due to the reorientation act in the mdedium,
and so the orientation of the director (r,t) is described by two angles 0 and w

( 0, 0'I<) in two orthogonal planes. The formation of the grating within the medium,

i-mi,' be ri o i d boun(;iry cend i Lti no; i tb c c.l
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induced by the light-field, in this case is described by the following formula (we display
the expression for the angle ( z ,t ) only as i function of the spatial ( z and temporal (t
variables [1,41:

) '2 t/y
( zt Co 0 [(X2 -qz 2)/X] I inXz + (I z e

where X = (Q/K)l/2 (11

Q = Ea/SF) (k /k ) A + K qeI bound 33Z

A is ti-e boundary magnitude of the field amplitude A, is the \'iscosity, C is the
c8n~nt, the eigenvalues are determined by the boundary condition (z = d ) = I

It should be noted that the grating period in equation (I) is governed by the parameter
X which itself depends on the incident intensity butr not only on q . This is a veryZ

important point because the dependence of X on A determines the feedback in the system,
which leads to the intrinsic optical multistability.

The most interesting effect which arise in this case are the transient processes, in
particular the oscillations over time [5].

Temporal instabilities occur in any experiment with the LC when two waves of orthogonal
polarizations propagate through the nonlinear medium and as a result, the reorientation
arises in two orthogonal planes [5]. In fact, the different schemes of the dynamic
self-diffraction of the light in an anisotropic medium have been realized in the
experiments for the present time and the temporal pulsations have been obtained (for CW
input) both in the NLC (two linear orthogonal polarizations of the light propagate through
the medium) and in the CLC (two circular polarizations in the medium) 1].

The general behavior of these systems reduces to the following: there is a smooth
transition from the steady-state reorientation via the damped oscillations to the
oscillations which are unlimited over time, when the governing parameter is varied.

Qualitative explanations of the temporal instabilities in the LC can be done by an
energy transfer and by a competition between the waves of different polarizations passing
through the nonlinear medium [1,5]. THis approach is very close to the regenerative
pulsations discussed e.g., in [8].

We shall discuss here only the case of the interaction of two counterpropagating waves
(EI and r2) with orthogonal linear polarizations in NLC at normal incidence.

The experimprntal results are shown in Figure 1. We measured the nonlinear phase
retardation induced by laser radiation for each beam (toe pump-probe technique has
heen used or jus simple measurements by means of the ring patter (see e.g., [4]) for
both passing beams).

An important point to mention is the development of the oscillations in an opposite
phase for two waves in this geometry; th'it strongly supports the conjecture about an
important meaning of the energy interchange between the amplitude cf the waves (for the
traveling, but not counterpropagating waves, the phase retardation effects play a
principal role, because of an interferen-e of the waves but not a direct energy inter-
change).

An exact theoretical analysis of this problem meets serious difficulties even for a
numerical calculation. We shall discuss now the preliminary qualitative results only.

The steady-state solution for this caqe reults in the following equations for the
amplitudes of two components of the forward (Ef) and backward (Eb) waves
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3Efx/3z = iw c[ E(E 1/? + C /2c fy Cos 2)lRE1 '1 sine cosO]

3Ef~ /3z = iw/c [ E E I + C /2) 2 si:-1 ) + Ef Ea/ 2£i) 2 sine cosO]a-fy (2)fy 
I  " (f a

aEh 1) z  = i°/c[Ebx (% E + ( C a sin '6) + Eby (c a/2c IIF sine cosO]

3E2 + )E-i 2 Cos 26) + E (C 12£ ) '- sin 0cos e 3Eby i z = -t c[ by( L: a 11 ba/2if

We used boundary conditions: at z = o

f E = -A sin + B cos 0 Ey = Oo A Cos 0 + B sin8Efx = xo -fo snOo Bfo o ' fy = fo o Bfo o

at z = d Ebx = 0 -A bdsine + Bbd cos0 ; E = o A bdcosO + B dsin 0bxb d O ' oy bd Od o

and we neglected the interference between forward and backward waves (due to averaging
over the space).

Because the light-induced reorientation is small enough we can assume that Efy
Ebx F Efx , Eby and so for the magnitudes of the wave we have from equation (2).

Efx Efxo expwi /c[(E1 z + (e /2c ) 2(cos )dz)
(3)

F E .xpwi /c[(e 1/2 Z + ([a/2EZ( (4
2
sin

2
6)dz]

Eby byd La

Using equation (3) the nonlinear phase retardation due to reorientation CNL can be

written for each wave in the form
cPNL d o(Ea/2,ll  2 cos 2 dz

(4)

NL = O~ (E/2ll) 2s 2 Gdz

SNL

The summary value of + for the passjig beam (expressed in terms of the numbers of
the ring pattern N = fNL /21l) is described by expression

N = Nf + N = NL d? 2
f /2 H (Ea/2ell) ")2dz
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The parameter N was constant during our experiment; this means that should be rnnstant

also. As to observation of the oscillations regimes they arise because the angle
varies over time. According to equation (24) that should lead to the pulsations of the
ring patterns for the forward and backward beams in opposite phase in agreement with our
experimental data. More detailed and correct theory for transient regimes as well as
for the arising temporal instabilities should be done in progress.

Light-Induced Threshold Reorientation in NLC as a Noise-Induced Phase Transition

The threshold reorientation of NLC in external field starts from random thermal
fluctuations of the director. This means that the noise plays a principal role for the
light-induced threshold effects and their correct description should be statistical.
Good approach for that gives the Fokker-Planck equations for the Ornstein-Uhlenbeck
processes [,'.*.

In previous item we discussed the question how in deterministic nonlinear system with
a few degrees of freedom (two orthogonal polarizations in the medium) the temporal
instabilities arise. Now we shall analyze the role of the noise (fluctuations of the
director); the influence of the noise does not only result in the disorder in the non-
linear system, but also induces a definite order and new states, so we can speak about
the noise-induced phase transition [71.

Because it is a nonequilibrium phase transition in open system (th medium is irradiated
by the laser beam continuously), the seraration of the parameters into two groups, namely
enternal (A ) and internal (x) have not any physical sense in contrast with ordinary
equilibrium thermodynamics. So, the nature of the developing fluctions in the system
does not play a principal raole in both cases, i.e., the fluctuations of the external
applied field (the steady-state stochastic process, At is described at At =!-' + ft
where is the average (regular) part, Tt is the noise) or of the internal medium
fluctuations (xt = x + t) are similar. This is strictly true when the multiplicative
noise occurs, and we shall use this approach for LC under external field**.

The stochastic differential equation for the problem of our consideration has a form

x (t) = h(x[t]) + p(A) g(x[t]) (5)

where h, 14, g are the nonlinear functions in the general case and they determine the
physical phenomena in the system. The fluctuations are described in equation (5) by
the substitution A-- = A, I or x--,x = x + Ct for the external field or for
the medium parameters, a~coraingl . The seconh term in the right-hand side of equation (5)
where g(x[t])4const, gives the dependence of the influence of the external field (A)
on the svstcm qtatr (xft]); in particular the leads to the multiplicative nature of the
noise.***

Usually in equation (5) the fluctuations of the external field only are considered in
such form (A =,I+ it )

, but the medium fluctuations (the parameter x) are described
just in additive form, i.e., in the right-hand side of equat-on (5) the stochastic force
f(t) have to ie included.

let us apply this approach to the threshold reorientation of NLC in the light field
E(n z n ) .  e director fluctuations dn J can be described in the form

t = no 0+ ,nt I where 6n' t L o0 (because n2 =et)****

*In the model of stochastic process H(t) [Brownian Movement] the velocity A(t) is

the basis for the description in this case but not the position x(t) of the particle
(Viner process).

**That is the difference of our consideration from that used in [7].
***If g(x)t 1) = const the system has the additive (Langevin) noise only over the

external field.
****The high nonlinearity of NLC and the intense thermal fluctuations in them are the

consequence of the manifestation of the fluctuative-dissipative therem [5]
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Because of the symmetry factor two uncoupled states ( 6n > o , i.e., the reorientation
angle is ( ' ) and 6n 0<o, i.e., - (-P ) take place in tthe system when I <I
(where I iW the threshold intensity), andmthe fluctuations 6 n move it about t nse
two stateth nt = 0, i.e., %m = , is tan internal boundary or this case t/]).

But the small fluctuations 6 n. could not vary the state of the system (even when the
field E j n is applied) till Lhat the stabilizing (about the initial orientation)
rotation moment of the elastic forces due to rigid boundary conditions is above the
magnitude of the destabilizing rotation moment due to the light field. The free energy
densities coupled with these two processes are described by the relations

F1 K(vnt/6z)2 12
Felast = t 2 K( 'm/6 z)2

and F"field (6 ntE) (6 ntE )

I iJt + -i 0t

accordingly, where Freal 1 2 ( i t C e

The reorientation occurs in NLC.,when these two moments equalize (Felnst = Ffield ) and so,
the threshold intensity Ith E- is determined by that. When I > fih th and o,

th , I the system comes
to one of two possible stable states (+ m ) oz (- ,p ) for any ma Atude of the
fluctuations, and the value p = o determines the untable state ', = o is already a
natural boundary). This variaVion of the boundary nature is one of characteristic signes
of noise-induced phase transitions** and the light-induced reorientation in NLC can be
interpreted in this way. In fact, because the interaction between a and 9 is described
by the term F :_ (n ) (n **), the nature of the noise n is principally
multiplicative. u he fluctuations of n and E are equivalent (F. is
symmetrical over n and ), and so the director fluctuations for oun 99chave to lead
to the effects being similar to those the external field fluctuations lead to, as it
was discussed above.

Mathematically this fact can be verified if the equation for the lig~it-induced threshold
reorientation of NI.C is rewritten in the form

•2 3 +
Pm < +m BI Ex1 {fm - m

(6)

+ (B/2) Ex  i
2  {6'Pm (1- 2 12 - (6 , m )2  21P}
x m m m m

where we used the simplest geometry for the threshold~reorientation under light field E
for normal incidence: t , = (9, o, o) , n I I z , ' and 6'P are the
reorientation angle and its ?luctuation (instead of ?he expression n R + 6n
we use ' (t) 'P +6V ) in the centre of the sample (z = d/2, d s th8 thickness):

tU (z,t T (t) Win (I1mz/d), &P (z,t) =6 ' (t) sin Hz/d, , = K (11 / d) , E= /BR a ,

is the viscosity. We did the following suppositions: the anisotropy of botH elastic
and optical properties of NLC as well as the angles pmI 6, m are small enough.

*The high nonlinearity of NIC and the "ntense thermal fluctuations in them are the

ccasequicce of the manifeatation of t'e fiuctuative dissipative theorem [5].
**Two transitions occur, in principle, for that case. The first one is when the

steady point m =o becomes unstable, ind the second one when the new stable state

arises ( 'P =o. But in approximatioi of white noise (our case) these two transitions
are practiclly coincided L7]
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These ordinary in optics of IC conditions permitted us to ncglect, in equation (0) the
terms in the order of power - for 'te regular part and (6q, m) - for the fluctuated
part. I

The equation (6) including the fluctuations of 6q( both in the linear and nonlinear
(quadratic) forms is a complete analogy of the fundamental equation (5) which is usually
used for describing the noise-induced due to the field fluctuations phase transitions [7]
Therefore, in fact, all physical consequences from these two equations should be the
same.

The most iqtcresting effect is that the value of o I is shifted because of the noiseS 10wh - o /_ , ere the noise intensity is o2 =th (n . For the LC the level

o nois defines the scattering intensity 1 - ; both of them can vary by the
temperature T change, in particular near tRSa~hase transition (from nematic to isotropic
phase) temperature T . That giv(s a simple procedure for a verification of the
mentioned above depcndence Ith (c) by comparison of two independent measurements in a
nematic phase:

Ith = Ith(T c -T) and Isat = Isca(Tc -T)

Our study shows a very good agreement of these measurements, see Figure 2, (I.. decreases
versus (T -T) [9], 1 increases versus (T -T) [10], with respect to th~nexpected
dependenc [t(0) Iscat c

Note, that the traditional classificatfon of the phase transitions is not applied to the
discussed noise-induced transition. In fact, for the threshold reorientation in NLC we
obtained two results. On the one hand, the critical behavior of the response time I"
versus (I - 1 h ) [2,9] is exhibited (like ii. the second order phase transitions); on the
other hand, t C maximum of the I scat arises near the Ith point [5,10] (like a critical
opalescence in the first order temperature phase transition).

We shall point out the possibility of the controlling of the noise intensity: this can
be done using except for the light 9, an additional quasistatic field (e.g., magnetic)
stabilizing or destabilizing the director fluctuations [10]*. The nature of the phase
transition may be also varied in this case (the second order phase transition becomes
the first order one [23).

The most interesting results should arise for a multidimensional system; one special
case (two orthogonal polarizations of the light) has been already discussed by us in
Item 2. The analogy with two coupled nonlinear oscillators in the presence of noise is
very useful for this case [5].

In conclusion, new effects of intrinsic optical multistablity and temporal instabilities
in the wave interactions for a non-homogeneous anisotropic medium with a highly threshold
nonlinearity are discussed in the present paper. Two waves of different polarizations
traveling through the medium create laser-induced bulk gratings of the refractive index,
and the instabilities arise due to an energy interchange and a competition between the
two light polarization components in the nonlinear medium. The feedback for such wave
interactions arises because of the nonlocal response of an anisotropic elastic medium to
the external field.

The considered phenomena are the development of the general case when the stochasticity
arises in a deterministic dynamic system with a few degrees of freedom. Two orthogonal
polarizations of light for our case present a problem similar to that of two coupled
pendulums.

Because of the molecular fluctuations, the light-induced effects in LC may be
considered as the noise-induced phase transitions.

*This measurements allow to study the pe-uliarity of the induced transitions for the

color,,d noise [7].
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EXPERIMENTAL DEMONSTRATION OF LARGE APERTURE COMPRESSION OF
SHORT LASER PULSES IN BRAGG - RESONANCE CONDITION

R. B. Alaverdian*, S. M. Arakelian, Yu.S. Chilingarian,
J,. P. Gevorkian, B. A. Makarov, and T. A. Papazian

Yerevan State University
Yerevan, Armenia, 375049 USSR

Abstract

Effective universal compression of picosecond laser pulses with large aperture, high
energy transformation and high level of break-down intensity has been obtained in
cholesteric liquid crystal. The prcliminary compression (before the outgoing from the
laser pulse will become bandwidth-limited) occurs without any nonlinear e ftect, which
is necessary for further compression.

The universal method of compression of short laser pulses till femtosecond pulse
durations is based on two condtions [l].

First, the temporal phase (frequency) modulation is necessary, and as a result the
instantaneous frequency becomes a linear fuction over time, i.e., the distribution of
frequencies over pulse duration is concretized.

Second, using the dispersive delay line which leads to the effect that e.g., the rear
of the pulse will travel faster than the front, the further compression of such modulated
pulses becomes possible. In present paper we show (both in theory and in experiment)
that a thin layer of cholesteric liquid crystal (CLC) may be used as a dispersive delay
line.

The physics of this phenomenon is determined by the effect of nonstationary dynamic
diffraction of partially modulated light pulses on a spatially periodic structure, by
which the CLC (3D-structure) is characterized, under condition of the Bragg resonance
for the input radiation [2].

Standard CIC-cell represents such a simple element, a compact autonomous device
directly placed under laser radiation without any additional optics and alignment. This
device is a very good candidate for preliminary express - compression of the picosecond
light pulses of a real laser system, and the output radiation becomes bandwidth - limited.

The qualitative picture of discussed compression being a consequence of the high
spatial dispersion of the medium is determined by the dependence of the directions of
diffracted (on the grating) waves** on the frequency. Because the input laser pulse has
a natural phase modulation giving the distributions of the different spectral components
over the pulse duration, their lengths of the optical ways are not equivalent after
diffraction (scattering) and as a result the situation becomes possible that the rear of
the pulse overtakes its front (this is a complete analogy with the compression in the
standard scheme with two coupled diffraction gratings). This mechanism of the compression
is similar both for Lne scattered (Ah) and for the transmitted (A ) waves because their
being coupled and the energy exchange. The process is most effective when the condition
of exact Bragg resonance is satisfied for the wave vectors with frequency w being
central for the pulses (maximum of their temporal profiles): n (w ) + = z c (WC) ,
where q = 211/A , A = 2 p is the grating period (we suppose Vha[ the specral bandwidth
of the resonance is much smaller than the spectra of the input pulse***). Then the
spectral components corresponding to the front (u ) and to the rear (w-) - let us
suppose aW > w - e.g., for the scattered pulse (Ah), have the detuning A of opposite
signs.

*Nagorniy Kharabakh, Armenia, 375000, USSR

"iThfeted approximation (A and A are the amplitudes of the transmitted and
diffracted [scattered] waves, accordingly) of dynamic theory of electromagnetic
radiation diffraction on the spatially modulated structure are used.

O*T f Ibis; cndition <, n ;t fied all opcctral components of the pulse have
equivalent velocities of propagation.
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from the direction ( K ); k (w +) - k (t%. = +A . This detuning can be compensed by
variation of the scatperng angle Tfor o~lique incidence) and so, the directions k-(W +
and Kh(c,) arc not coincidcd with K ( w ) and with each other; they are shifted
in theoppsite directions from the direction of h(a ) This means that the lengths of
the opticali ways of different spectral compo,_,nts of tC pLILse are not equivalent (e.g. , let us

) ,, .th: 1 to bc crt' tcr t'o; ' t rnd sm 11 1 or for (<c ) ; so, the compression may arise
ait c rrec,'O)OlI0 :lT  ']L'h n t 0 ( of' the or i 0, At, on ','o]nc i,! .c of the components.

If the frequencies filling the pulse are near the Bragg resonance range [e.g. for
) + 0 k(, )], but on the one side only from it, the compression is also possible.

However, it shOUld be less effective because the directions of (a,) for all frequences
W < <11 ) tre shifted in the same side in comparison with the k (w ) direction for

+this case , i.e., for each spectral component of the pulse the lengtR ot the optical way is
either decreasing or increasing (but in different degree).

The compression may occur due to the temporal dispersion as well. Because the
propagation velocities of the front and the rear are different, these parts of the pulse
may be overlapped (our case corresponds to the frequency range far from the eigen-
resonances in the medium, so the rear and the front of the pulse propagate in the traveling
direction). This mechanism of compression is not directly coupled with the grating in the
medium and i suni ementary to discussed above. Note, that for, the collinear geometry of
the dynamic scattering on the grating (the vectors k , k and q are parallel) thereson nce " 'o' ht
resonance condition can be satisfied only for counter-propagating waves Ao and
A. h - - r ) for the spectral components of the pulse which have equivalent frequencies;
wfle1 t he frqtuencies are not equivalent (in the range of spectral bandwidth of the
phase-moduLated pulse) the propagation of traveling waves A and Ah ( o/ o h/ kh
is a lowed as well.

\ery simple numerical] estimation of the chara.cteristic length Lf of the compression can be done by
0Oviu IS discussion for these two mechanisms. In fact, in ordinary cases of the 1D
ninusoidal grating, the refractrive index now can be represented in the form [5]:

n() :no(0) + 0.5 In +1 exp(iqz) + n_lexp(-iqz)],

where n+ = n I- n). For small scattering angles of the light we can use the expression
for the Tropagation velocities v( w) of the spectral components of the pulse as for
coL ine r g.eometry, i.e., i(w)l > (2C'/q)(1 + nl/2 no ) forl-< c0  and I ,(w)j-<  (2°/q)

I n 1/2 no ) for W>wo , where wo is the Bragg resonance frequency.

For the first mechanism (the front and the rear run towards each other) L is
determined by the condition that on this length the time of the group delay of the pulse
edge frequencies is equivalent to the initial pulse duration ,
'rI = +/) I(w ) =(w.l/(Iv(w)1 - v(w+)I)- (i/2)[(2w /q)n/n 0 Y-(2w/q)

2 . For
typical numericaT parameters T o 30 psec, nj 1, no =.S, and taking into account
tha t ic = 2Rc./Xc , q = 211/A ,A= 2p - c -1 urm we have Lfz 1.4 cm.

For the second meehanisn ( the rear overtake the front) Lfz 2 ro[2(,j+ - 4 )/q-
(2ivc..q) . At (-+ - co ) -I cm- 1 1 o  = 30 psec, 2 p-lpm we have Lf- 1.2 km.

Thus, the compression occurs because of the spatial grating in the medium, and we can
tW'Ie't the temporal dispersion in our case.

For [heoretical analysis two possible geometries for the dynamic diffraction of the
l ight ulses on the periodic structure are usuolly taken to consider - Bragg and Laue
c;aSs* - in approximation of two waves,. I.e., transmitted (the wave vector is o
Lhe amiplitude is Ao) and scattered (kh , Ah ) - see e.g., [3]).

The diFf'crencc between these two geometries is determined by the direction of propagation
of the waves (A() and Al) which are mutually coupled by energy. In the Laue geometry

two w,ives transmit the energy in the same direction in contrast with the Bragg case when
the waes ;ire counter-propagating. 'Mathematically this demands different boundary
conditions both at the entrance (z = )) and the exit (z = d), where d is the thickness
of tuie medium) planes. The o'ollowing relations (at the entrance surface e.g.) correspond
to these cases:

Y Y11 o10 and Y' o for the iaue and Bragg geometries, accordingly (where
Y ' , k - is the perpendicular to the surface of tile CLC-coll)[4].
f'3'}{e ch?[ra tee (7[ thef *tineid (steady-state) solutions is principally different for these

w n gme t rik es . for the first one the periodic behavior of the fields amp] itudes A
n( .A cr the sample thickness ) o( curs ( so cal led pendellosung fringess ( pendu u

feat i gsl I fth characteristic spatial scale L0e which is the extinction ngth).

Hbi.h of' these eases correspond to tile 1 ight transmittion through the periodic medium
uijner ,(ijnditinn of the Br;ag reennane -
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For the second one the hyperbolic solutions of Ao and An arise (in optics this problem
is discussed, e.g., in [3,51).

But sometimes the division on these two geometries is quite artificial and the mixed case
realized in the real experiment (in particulaor for the narrow beams and for the spatially
limited sanples in two orthogonal directions) see Figure Ia [11j. This result has to be
especially taken into account when the transmitted beam (-0 , A0 ) only is detected in
experiment. In fact, when the entrance point happens to be the edge point of the sample, one can see
that A is the sum of the partial amplitudes Aoi for each possible geometry [4]**.

0

Our preliminary estimations show that the more effective compression of the laser pulses
occurs in the Laue geometry (Laue-laue case by more exact classification). So, we may take
into account only the amplitude Ao . doe ace geometry, and the analytical solution for
this simplest case can be obtained.*** o1We shall discuss it below.

The initial system of two coupled CQuations describing the temporal evolution of slowly
varing complex amplitudes of passing (A ) and scattered (Ah ) waves (E0  and Eh
correspondingly) under condition of exac? Bragg resonance 

for symmet-ic Laue geometIy

(see Figure 1b) is following [6]

i H- tg 0 +- + ) A : L A (1)a (x t v cos 0 't h e ho

where the signes "+" correspond to A and Ab , accordingly; v is the velocity of
the traveling wave -which is the same for both waves); L is the extinction length
(showing the characteristic spatial scale of pendulum beaings when the energy exchange
between A and A waves occurs); 9 = H/2 -1 0 0 is the incident angle; z and x
are coordinates along (z) and across (x) the sample thickness; t is the time.
We assume that there is no absorbtion in the medium, the anisotropy of CLC is small,
the light f#eld is quasi - coherent and 0 is sufficiently big: 0 >f1/2 - arcsin

S )I/ ) , where I j are the dielectric optical permittivities of CLC
< , being the aisotropy and the average magnitude). The following defini-

tions Wil necessary further: A n sin 6+ i h L0 =
(4 ' cos OU k (l + sin-0), wh8pe ko. are de wave vec?65s, ' ' _ are unito - 1v 0 . .O

vectors, o L0 n h - kh and the spatial y periodic linear susceptibility of the medium

is X(r) Z e , where I is the vector of inversed lattice (in our case q = 211/A,
A=2p , p geing the pitch of the helical structure of CLC). The Bragg resonance
condition is h = o + q 

, I o 0 = l h *4** The boundary conditions are

A0  (z=o) = E exp(-xCos2O/r O - (t - xsin 0/v)2 (1 - ia )/ t2
0 0 0

A (z = o) = 0 (2)n

Equations (2)determine (i) the initial phase modulation of the radiation in the square
form, (described by the parameter iat ) and (iil the Gaussian light pulse over both
-p'-- and 2timo (r is the spot size of the laser beam, T is the pulse duration);
1= o To , where ao is the magnitude of the phase modulation.

The standard procedure to find the solution of equation (1) is based on the method of
repeat shortening of the wave equations [31; using equation (2) we have the following
expressions for normalized intensities for passing and scattered waves [6]:

*The different conditions at the entrance and at the exit surfaces leads to the
Lauc-Laue, Bragg-Bragg, Laue-Bragg (two types) and Bragg-Laue cases.

**The calculations used the spherical-wave theory.
***For Bragg geometry the problem is not solved analytically for the light pulses.
****We neglect the shift from the exact Bragg resonance because the exact tuning to

resonance can easily be done by variation of the sample temperature(see Item 4).
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=o I I + L)K+ 2Re{ "f1 F_ exp(2iz/Le)1 (3)
2 2

where* F - i b x cos V (a + ib)ee 1 1/2 +xpj+ - arctg ,2 ra 12 1,2-
1 ,2 o 1,2

2 [(t-z/vcosO - xsinO/v) 2 (a - i(o a + b)]
T' 

12

'2 2 1

1, "1,2 a 2 ~ + /

C '-

f1, = a , +  b)1/ al, = 1+ y z / L

b z/1, e  + y z/1 )  , Y 2 s in 40 C. 12  (cose-1 - 2

22Ie = ro/21 sin - 0 is the length of the extinction .ao. (there should be a
11 0 C

spatial shift (in c-ross direction) betwecen o .r iig and scattered heams). Note, that in
steady state ( To+ ) the solutions of 4 , () give the very well known result
(see e.g., [31).

The analysis of (3), (4) shows that 'he s. -f f"q,,ency modulated pulse varies in
rather complicated manner at the dynamic scattering. Three effects take place:
M1) the oscillations on the temporal envelope of the pulse; (2) (2) the shift of the
maximum intensity of the pulse; (3) the variation of the effective pulse duration.
These phenomena are due to the difference in the behavior of two functions f and f.,
in equation (L) when y o* f I(z) has a minimum for z = Lf = (aa)-ILe, bui P2 (z) -
is a monotonously increasing quantity (see Figure 2). The minimal pulse duration occurs
at the distance Lf (this is a point of the so called "temporal focus").

In the case of Lf <<I, and oIO the dependence IA o,h (z Lf)1 2  rduce to a simple
forrr

A (z = L 2 :z IL 2{f eT )+(a/8) 1/2 exp( 2T2) cos (2/a+H/4 + 3T2) 5)
o,h f' 0 nx(~

where T : (t - xsin 0/v - (oavcos)- I/To

(U,T o  = (a/4)exp(-2a2 To.

The second term in the right hand side of cquotion (5) responds to oscillations of the
temporal envelope; the average profile of that it determined by the function d (T )*** *
The dependences of (T ) for different a are shown in Figure 3. The officic cy 8f the
pulse compression increascs with the pulse duration iecreases times, the peak power
increases a/4 times in comparison with the initial one, and the compressed pulse contains

*iFor a pulse with a plane phase distribution (a = o) the condition F = F, is satisfied
and so, ordinary dispersive spreading out occurs.

***Because at z - 1, the term F 2 in equation (3) is the greatest, the pendulum beatings
give small coerr(cions on the Lmporal dependencies and have not direct influence on the
compression in the presented linear case when fI has only one minimum. This leads to
the fact that A and Ah  are pract I,'al1y equivalent from the energet.ic point of v lea

*THE signes "+" in equation (3) dctcrmiic the pendulum heatings.
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twenty-five nercent of the input energy. The latter fact takes place because the energy
of the initial pulse is distributed equally between passing and scattered beams. Each
of them has side pedestal with a narrow peak in the center* (cf [2]) which also have
equal energy distribution**. The final picture of the pulse shape is formed over the
travel ing of the beams in the medium.

Using equation (5) we can obtain that the compression v times of the input pulse (of
duration T ) requires a sample thickness II, = (aY )- I L'. The numerical estimation
for CLC (t~e typical magnitudes of the paramet~rs are: c

I, - - lb em, 0 c 80' ,y - 1l- 20 - 10 2-,/W- )
C 0

and for a -30 leads to the compressiyn factor a for the values of T from 10- 1 2  to
0- sec because the inequality ( ay) 1 /1.,e has to be satisfied.***

0

It is self-evident that the discussed above theoretical analysis can be considered as a
first approximation only. In fact, many real factors are not taken into account; in
particular, not all-coherence of the input light; its fluctuations both amplitude and
phase; the anisotropy of CLC (the refractive index difference n ) gives the range of
the wavelengths for the Bragg resonance ~ pn a , but not one va~ue only; the twisted
(helical) structure but not only a simple periodicity for CLC etc. For example, the last
property leads to the fact that the eigen waves in CLC are circularly polarized (for
infinite samples and normal incidence) in opposite directions (the energy distribution
between these waves is equal (on 507) for the linear polarized input light and for the
ideal conditions). Each eigen wave of CLC gives two waves (A and A h ) in two wave
approximation of the theory of dynamic diffraction (only one e?gen wave is excited in CLC
when input radiation is circularly polarized in accordance with the sign of the helix).
But for normal incidence of the light on the CLC an exact steady-state solution may be
obtained and so, the approximation of the dynamic diffraction theory is not used.

Note, that the theory may be applied nractically without any correction to the
compression of x-ray pulses propagating through the solid crystal (dynamic scattering on
the lattice) - cf. [6].

In our experiment the radiation of picosecond YAG: Nd 3 +  laser (X = 1.06wm) has
been used 's an input beam. The parame;ers of the radiation were: the repetition fre-
quency - up to _Hz; the polarizati n - linear; the spot size - m mm; the single pulse
energy - 0.5 i-() J ; Tn-Tin ' 30 10- -sec.

An orii:iial automatic system balsed on PC - computer was used for data processing; the
pulse durations were measured by correlation technique at passage of the radiation
through the uniaxial crystal (the range of measurements by this technique is

01.1 * l5 psec).****

The laser radiation had a natural frequency modulation; independent (of the pulse
duration) measur ments of the bandwidth of the laser oscillation A, gave the value

Au mSC 5cm- . This leads to the estimation of the additional bH8dening (due to the
eigpl modulation of the radiation in contrast to bandwidth-limited light pulse for given
T - T AW = 2 for the Gaussian temporal profile), described by a factor 2(Aw /AW -2).

0 0 o 05 0

The standard CI,C-ccl (CL-layer being along z-coordinate between two glass plates,
the aperture - ixll cm) - see Figure Ib, had a homotropic alignment of helical axis (the
direction is given by the vector q, q I-). The spatial period of CLC (the helical
pitch 2p =A =2 F/ jq I ) was changed cont.Tnuously by the variation of temperature T, and
therefore the exact Bragg resonance condition could be satisfied (approximately at room
temperature for used mixture of CLC). The dependence p(T) is shown in Figure 4 (this is a
pitch of the free helix for thick samples). The temperature stabilization was - 0.2*C,
hut in real experiment on compression the stabilization in the range of a few degrees was
praCt iCal ly sufficient. The absorption and statistical scattering losses in CLC-cell
.:,ure seventeen percent (measured far from the Bragg resonance region). The break-down
intensitv was not le han 2 GW/cm 2  for used mixtiiro of C..

*'Thi'- peak demonstrates the degree o' compression.
**'h. functions F 1 2 in equation ( 1) are responsible for that. The principal point

here is that the Ahavior does not lepend on sign of ( (the inversion of the sign
i;cds to the mutual redenoting in f ictions Fl 2 only) in contrast with the standard
Aclh,,ATh5 off pu 1s(. compression.

***Th is giv:cs the condition I, /1, C -10(9-1.
* 1* " , Tc)r;I i P o 'r ():2_ pl I CS has Cen used.
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The pulse duration of the outgoing from the CLC-cell radiation ( T ) as well as the
compression factor (s = T t/1 • ) versus ' were measured for difeent thicknesses d of
the CI,-layer. The experimentai dependences s(T) are shown in Figure 5 in arbitrary
units for three magnitudes of d*. The absolute measurements of -- t are shown in
Figure 6 for d = 300i m corresponding to the maximal factor s. THe radiation of whole
laser beam aperture has been detected; the pulse energy after compression was about 20%
of the input pulse energy (the input radiation had a linear polarization**).

We have not seen any influence of self-action effects of laser radiation; therefore
the propagation of the frequency modulated light pulse through the linear periodic medium
took place in our experiment.

The obt;iined results agree qualitatively with the theory described in item 3 ** The
characteristic distance for the development of the effects of dynamic diffraction (z~-Lf)
in experiment corresponds to d j?300 Pm. For that thickness practically total compression
(s-2) in CLC has been determined for the given eigen frequency modulation (determining
1 Oos) of the input laser pulse, and so the outgoing pulse became bandwidth-limited

ToutOwosc CB, where CB is a pulse-shape dependent factor; CB = 2 for our case)****.

We can estimate the magnitude of the distance L for the compression of laser pulses
in C, (the focus of the 'temporal len s"). According to the theory of item 3

S = vcos 0/2 1e sin O** where Le = 'ocos6/iko(l + sin e), = a o° , ( Awo = 2.
0 0 ,00 00

From the conditions of our experiment we have a = 83', o = 28 psec, ao =wosc 'Awo 1.9,

1.6, and the agreement between the theory and the experiment in the estimation of the

[1 demands a very smalllmagnitude of the optical anisotropy of CLC CI -10-4 [that leads
to Le -5 10-2 cm (for 0 z 1.5)]. Such a very small obtained value &I is explained
to be, on the one hand, because of the approximations of the developed theory and, on the
other hand, because in thick samples (the CLC layers of the thickness 10 30 Wm are
usually used in optical experiments) the non-ideal orientation occurs and the effective
magnitude of the l may sufficiently decrease.

Note, that the discussed method of preliminary compression of the laser pulses is
determined by the creation (due to the dynamic scattering of the traveling waves) the
pulses on the structures of DFB type but not by a generation of short laser pulses like
in standard DFB-lasers [8].****** Therefore in our case we have no limitations on the
thickness of the CLC sample (the effective compression occurs when d -L ). In contrast,
in DFB lasers T decreases when d decreases but for short d the threshold of laser
generation incre ss dramatically and so for real conditions the outgoing pulse duration

can be not less than 10 psec. Besides that, the spatial profile of the laser beam
do8Htnot have any sense in our linear problem, and no aberration occurs in such
"temporal lens". So, the compression is homogeneous over the all aperture of the input
laser beam.

In conclusion, the large-aperture preliminary compression of picosecond laser pulses
with initial (natural) phase modulation is discussed for CLC both in theory and in
experiment. The bandwidth-limited light radiation was obtained for output pulses. Such
very simple autonomous and compact optical device is very useful for an express trans-
formation of short laser pulses in practical cases.

We wish to express our thanks to A. A. Oganian for his help in automatic collecting and
treatment of experimental data.

*First preliminary results of the experiment we reported in [71.
*When the input radiation has a circular polarization corresponding to the eigen wave
of CLC this parameter can increase two times.

***For our geometry when radiation was detected in the direction of the input beam
Le= - and the effective energy exchange between A0 - and Ah- waves is provided by
the condition Tov>d.

****We can call this process as preliminary compression. The further compression is
possible due to phase self-modulation effect because of the medium nonlinearity
[11] (cf. [I0,II]).

*****The measing of the dependence Lf.-I/l, ~ is that the dispersion spreading out

of the light pulse in the medium is compensated by the compression effect till the
distance associated with 1,f"

******In this aspect our method is very similar (by physical meaning) to the technique of
colliding pulses (see e.g. [9]).
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Figue 2. The guslitative behavior on z of the
functions f 1,2 [see equation (4)]

8

-0,1 -0,05 0 0,05 0,1 T

Figure 3. The numerical dependences of the function
OT)for different values of the parameter

[see equation (5)]:

1 + to ; 2 - a =20 ; 3 - a = 30.

A2 J-,

2

20 30 40 50 60 T,UC

Figure 4. The period A = 2p , wnue p is the
of the helical structure for the used
misxtur e of CLC versus temperature T*C.
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Figure 5. The compression factor s = To t/Tin

versus T*C for different thicknesses
d of the CLC layer:

o - d = 100 wm; o- d = 200m; x -d 300wm
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Figure 6. The absolute measurements of the output
pulse duration Tout versus T*C for

d = 300 wm (maximal efficiency of
compression in experiment).
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EFFECTS IN HIGH-POWER LASER DIODES
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Abstract

This paper describes the aging and thermal effects of high-power GaAIAs laser diodes constructed by Spectra Diode Laboratory (SDL) with
multiple stripes, containing single- and multiple-quantum wells. Thermal effects are described for laser diodes constructed by McDonnell Douglas
Astronautics Company/Optoelectronics Center (MDAC/OEC) with a single broad stripe containing a single-quantum well. The laser diodes are
grown using metalorganic chemical vapor deposition (MOCVD). Experimental data are given showing the aging and thermal effects of these laser
diodes while operating CW for different on-times and operating up to 2.0 W for an overdriven SDL commercial laser diode, 4.0 W for a SDL
engineering prototype and 5.0 W for a MDAC/OEC prototype. Thermal effects are observed by operating at different intervals between shots and
power levels when cooled by a fin heat-sink or thermoelectric cooler. Aging is caused by operating the laser diodes at elevated optical power
levels. The characteristics used to describe these effects include: (1) optical power versus current, (2) efficiency versus optical power, (3) beam
intensity distribution and (4) divergence. Laser diode output powers decreased by 2.5% to 22% because of aging. The different cooling methods
resulted in a difference in output power of 7%. The beam intensity distributions of some laser diodes were erratic versus power and time after turn-
on while it was stable for others.

Introduction

Sandia Natioiial Laboratories (SNL) is actively pursuing the safety of firing sets by replacing conducting paths with optical conductors.1 
The

source for the optical energy is a semiconductor laser diode.1 ,
2 Because of the energy requirements in firing sets, high-power, CW laser diodes

are necessary. This paper describes the experimental results of aging and thermal effects observed while testing laser diodes at high power
levels for use in firing sets.

Laser Diodes from two manufacturers have been tested: Spectra Diode Laboratories (SDL) and McDonnell Douglas Astronautics
Company/Optoelectronics Center (MDAC/OEC). The laser diodes were all grown by metalorganic chemical vapor deposition3 (MOCVD) and have
double heterostructures.

Laser diode aging is caused by operating the laser diodes at elevated optical power levels. Thermal effects are observed by operating at
different shot intervals and power levels when tin heat-sinked or thermoelectric cooled. The characteristics used to describe these effects include
optical power versus current, efficiency versus optical power, beam intensity distribution and divergence. The SDL laser diodes operate at
maximum output powers varying from 2.0 to 4.0 W and the MDAC/OEC laser diodes operate from 1.1 to 5.0 W. The operating time is between 0.2
and 5 s and the time interval between shots varies from 30 s to 10 min.

Experimental Setup

Testing Techniques

The testing includes measuring the current, voltage, optical power and beam intensity distribution of the laser diodes. From these
measurements the efficiency and divergence can be calculated.

The laser diodes were mounted on either a fin heat-sink or on a copper heat-sink that is thermoelectrically cooled. The thermoelectric controller
keeps the copper heat-sink at a constant temperature of 20°C. Both cooling methods are done external to the laser diode package. The power
meter and camera are mounted on kinematic mounts, which allow for their rapid removal and precise repositioning.

For all the components except the camera, the x, y and z axes correspond to the horizontal, vertical and optical axis directions, respectively.
The laser diodes are all mounted with their junctions horizontal. For ease in mounting, the camera is rotated 900 so that for the beam intensity
distribution data, the x axis is perpendicular and the y axis is parallel to the laser diode junction.

A Scientech, Inc. Disk Calorimeter was used for all the optical power measurements. It has an accuracy of 3% and a long-term precision of
0.5%. The same instrument was used for all the optical power measurements, so the repeatability of the measurements should be very good.
Fluke Digital Multimeters with accuracies of better than 0.5% were used for all the current and voltage measurements.

The efficiency of the laser diodes, Eld, is defined as

Eld = [Pld/(Ild * VId)] * 100% (1)

where PId is the optical power output of the laser diode, lid is the drive current, and VId is the voltage drop across the laser diode.
The laser diode beam intensity distributions are recorded by a laser beam diagnostic system4 built by Big Sky Software Corporation. The

outputs of this system are beam intensity contours, intensity profiles through the centroid and 3-dimensional isometric views. The data were taken
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at different power levels, different times after laser diode turn-on and differer t times in the laser diodes life. The dotted lines in the figures with
intensity profiles are Gaussian fits.

By measuring the beam profiles at two positions of known distances from the laser diode output facet, the divergence of the laser is calculated.
The divergence is determined by measuring the width of a Gaussian profile fit to the laser diode at the 1/e

2 point through the centroid of the beam
at two distances from the laser diode1

,4
. The full width divergence to the 1/e

2 points, ax, is then calculated using

ax = 2 tan- 1 [(xf - xc)/ 2 (zf - Zc) ]  (2)

where xf is the 1/e
2 width to the Gaussian fit in the x direction at the far distance, zf, and xc is the same width at a closer distance, zc. The

divergence in the y direction ay is determined in a similiar manner.

Laser Diode Characteristics

Six different laser diodes from SDL are discussed in this paper: two commercial units and four prototypes. All the SDL laser diodes had coated
cavity mirrors. Three prototype MDAC/OEC laser diodes are also discussed. The rated power, maximum power operated at SNL, and aperture
dimension parallel to the laser diode junction are given in Table 1 for these laser diodes. Several more laser diodes were characterized'1 ,2 but are
not discussed here.

TABLE 1. Laser Diode Specifications

Manufact. Commerc. Rated Max Power
and Model Part or Proto. Power Operated Aperture

# # (C or P) (W) (W) (Im)

SDL-2450 A840 C 0.5 2.0 400
SDL-2450 A841 C 0.5 2.0 400
SDL-S7081 RB883* P 2.0 2.0 100
SDL-S7081 RP542* P 2.0 2.0 100
SDL-S7086 BN968 +  P 4.0 2.8 200
SDL-S7086 CF621 P 4.0 4.0 200
MDAC/OEC El70T-1 P 2.0 1.1 150
MDAC/OEC E 170T-2-9 P 5.0 5.0 150
MDAC/OEC E170T-2-10 P 5.0 2.7 150

* called 4.0-W laser diodes in previous papersl , 2

+ called 8.0-W laser diode in previous papers 1,2

The two commercial SDL laser diodes are rated for >10,000 hr of continuous operation at 25°C at rated power or below. They are all mounted
on C-block heat-sinks (6.35 X 3.25 X 1.27 mm) and packaged inside a TO-3 can with an antireflection coated sapphire window for the output. The
laser diodes all have multiple-quantum wells,5 

double heterostructures, and multiple-stripe 5
,6outputs. The laser diodes to be described are two

SDL-2450-HI 500-mW laser diodes, part numbers A840 and A841, overdriven to 2.0 W. The SDL-2450 laser diodes have 1 X 400 /m apertures
and SDL specified their divergence to be 35* X 10 ° .

The four prototype SDL laser diodes are guaranteed to operate for >200 shots at 3 s per shot at their rated power. They are all mounted on open
C-block heat-sink packages. These laser diodes also have multiple-stripe outputs, but they have single-quantum 7 instead of multiple-quantum
wells. The laser diodes to be described are as follows: two SDL-S7081 2-W laser diodes, part numbers RB883 and RP542 and two SDL-S7086 4-W
laser diodes, part numbers BN968 and CF621. The S7081 laser diodes have I X 100 um apertures and the S7086 laser diodes have 1 X 200 ,um
apertures. The S7081 2-W laser diodes were called 4-W laser diodes in previous papers1 ,2 by the same authors because this is their catastrophic
level. The S7086 4-W laser diodes were called 8-W laser diodes for the same reason. The nomenclature was changed to 2- and 4-W because
these are the maximum operating power levels in our investigation.

The three MDAC/OEC prototype laser diodes all have single-quantum wells and a single, broad emitting stripe.8 The laser diodes to be
described are as follows: El 70T-2-9 and El 70T-2-10 5-W laser diodes and E170T-1 2-W laser diode. The 2-W laser diode has uncoated mirror
facets and has a 1 X 150 pm aperture while the 5-W laser diodes have the same size aperture but have coated mirrors. The 2-W device is
mounted in a TO-18 can and the 5-W devices are mounted on a large-copper-block heat-sink (1.5 X 3.7 X 4.7 cm).

Experimental Results

Aging Effects

Degradation caused by aging9 
is measured for SDL laser diodes A841, RB883, BN968, RP542 and CF621. The measurements used to describe

this effect are optical power versus current and efficiency versus optical power.
All the MDAC/OEC laser diodes were operated starting at low power and increasing power until a catostrophic level was reached. At this point

the laser diodes either ceased to operate or a much lower output power was obtained for the same operating current. Because of this method of
tasting, no aging data were obtained.

Figure 1 shows the output optical power versus current and efficiency versus optical power for three SDL laser diodes. The initial data taken at
SNL are shown along with other data taken later in the laser diodes lives. The later data shown are the last data taken on a particular device at SNL

Laser diode A841 was operated for 600 shots, each at the 2.0-W optical power level for about 5 s. Its output power for the same current at its
maximum output power decreased by about 4%. Its efficiency also decreased by about 6%. After 600 shots, A841 quit operating.

Laser diode RB883 was operated for 12 shots, each at 2.0 W for about 3 s. Its output power decreased by about 22% and its efficiency
decreased by about 14.5%. This laser also quit operating after these 12 shots.
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Laser diode BN968 was operated for 62 shots, each at 2.8 W for about 3 s. Its output power decreased by about 6% and efficiency by about 3%.
This laser diode was damaged while butt-coupling a fiber optic to it. The later data shown in Figure 1 are the last data before the laser diode was

damaged.
The same type of data are shown in Figure 2 for another SDL laser diode, RP542. These data were taken with RP542 mounted in the

thermoelectric (TE) cooler setup. It performed much better than the other 2-W laser diode, RB883. After 720 shots, each at 2.0 W for 3 s, the

optical power for this laser diode only decreased by 2.5% and its efficiency only decreased by 2%.
Similiar data are shown in Figure 3 for SDL prototype 4-W laser diode CF621. It is also mounted in the TE cooler setup. This is the only laser

diode tested that showed improvement with aging. After 230 shots at 4.0 W, each for 3 s, its output power increased by 1% and its efficiency by
6%. Its efficiency improved by so much compared to its power because its voltage drop also decreased with aging. The burning-in of this laser
diode resulted in better performance. This laser diode was also damaged while butt-coupling a fiber optic to it.

Figure 4 shows the optical power versus current and the efficiency versus optical power for two MDAC/OEC laser diodes: E170T-2-9 and
El 70T-2-10. As mentioned earlier, only the initial data are available since the laser diodes power was ramped up to the catostrophic level. These
curves are shown here so that the laser diodes characteristics can be observed since in a later section beam intensity distributions will be
presented. Only E170-2-9 was driven up to 5.0 W. Three shots were taken at the 5.0-W level before this device damaged. E170T-2-10 got to the
2.1-W level before it failed. These laser diodes had the highest efficiency of any of the laser diodes measured. It was about 50% at the 2.0-W
optical power level.

Thermal Effects

Optical Power Versus Current-Thermal degradation is measured for SDL laser diodes A840 and A841. The measurements used to describe
this effect are optical power versus current and efficiency versus optical power.

Figure 5 shows the thermal degradation of SDL laser diodes A840 and A841. Laser diode A840 was tested on both a fin heat-sink, and a TE
cooler. The power of A840 increased by 7% at its highest power level when the device was mounted on the TE cooler compared to the fin heat-
sink. Its efficiency also increased by 4%. Laser diode A841 was tested only on a fin heat-sink, but the data were taken with 30-s, 2-min and 10-rin
time intervals between shots. The data for the 2-min and 30-s shots are nearly the same, but they are lower than for the 1 0-min interval. Thermal
effects resulting from the reduced time intervals cause the curves to separate. At the higher optical powers, the separation becomes more
pronounced. At the highest optical power level, the 10-min data is about 5.5% higher than the 2-min and 30-s data.

Beam Intensity Distribution-The beam intensity distributions are described for three SDL laser diodes (A840, BN968 and CF621) and one
MDAC/OEC laser diode (E170T-2-10). Beam intensity profiles and contours are shown in Figure 6 for SDL commercial 500-mW laser diode A840
operating between 0.1 and 2.0 W. This information was recorded between 0.2 and 0.4 s after the laser diode was turned on. At the low power
levels, the beams have a good Gaussian fit in the x direction and have two narrow peaks in the y direction. As the optical power increases, the two
peaks begin to break up into higher order modes, and they also broaden. More mode structure is also observed at higher powers in the x
direction. These higher order modes are caused by the thermal effects of operating the laser diode at high optical powers.

Figure 7 shows isometric views of SDL prototype 4-W laser diode BN968 at different times after tum-on, different power levels and also at
different times in its life. The operating power level of the laser diode is in the right comer of each isometric. In the lower corner is the date, along
with the shot number of that date and the frame number. Frame 2 is the first frame grabbed after the laser diode is turned on, and the time
between frames is 0.2 s. On 11-23, the beam changed drastically as power was increased from 1.0 to 2.8 W (Figure 7A, B, C and E). The beam
also changed versus time after turn-on. This is seen at 2.5 W for frames 2 and 16 (Figure 7C and D) and at 2.8 W for frames 2 and 3 (Figure 7E and
F). The change in BN968 as it aged while operating at 2.8 W is seen in Figure 7E through H. After BN968 operated for 44 shots at the 2.8-W level,
its intensity distribution (Figure 7H) was similiar to its distribution at the low power level early in its life (Figure 7A). Unlike the commercial SDL
laser diodes, the prototype units were operated only for a few shots at SDL before they were shipped to SNL The BN968 stabilized after the
burning-in at SNL.

Intensity distributions for SDL prototype 4-W laser diode CF621 are shown in Figure 8. This laser diode is shown versus power level (Figure 8A
through D) and versus time after turn-on (Figure 8D through H). Frame 2 is the first frame grabbed after tum-on, and the frames are 0.5 s apart.
This is a later version 4-W laser diode from SDL than BN968, and its intensity pattern is much more stable. Only very small changes are seen
versus power and frame number.

Figure 9 shows the intensity distributions for MDAC/OEC 5-W laser diode E170T-2-10 operating at 1.1 and 2.0 W for different shots and time
after tum-on. These distributions show that the output beam pattern of this laser diode is very erratic from shot to shot, both at a constant output
power level and as its output power changes. No data are available for this laser diode later in its life since its power was ramped up until it failed
catostrophically.

Divergence-The divergence is described for two SDL laser diodes (RP542 and CF621) and one MDAC/OEC laser diode (El70T-1). The
divergence of SDL prototype 2-W laser diode RP542 is shown in Figure 10. The divergence was measured in the x and y directions as a function
of power and time after turn-on. The measurements were made at distances of 8.87 and 10.87 mm from the output facet of the laser diode. There
is a smaller spread in the divergence in the x direction than in the y direction. The x direction data have a better fit to a Gaussian than the y
direction data. As expected because of its smaller aperture, the divergence is higher in the x direction than the y direction. At the low power
levels (0.43 and 1.0 W), the divergence is fairly stable versus time after tum-on. It is more erratic at the high power levels. The highest divergence
in most cases is at the highest optical power of 1.8 W.

Figure 11 shows the divergence as a functon of power and time after turn-on in the x and y directions for SDL prototype 4-W laser diode CF621.
There is a fairly small spread in divergence in both directions. The divergence is not as erratic at the high power levels as it was for RP542.

The divergence of MDAC/OEC 2-W laser diode El 70T-1 in the x direction versus time after turn-on for two power levels is shown in Figure 12.
The y data was not plotted because of its poor Gaussian fit. At both power levels there is a sharp increase in divergence after tum-on and then a
gradual leveling off. There is also a large increase in divergence as the power is increased. The 60 ° divergence seen here at the 1.0-W power
level is the largest obser-ed for any laser diode during this investigation.
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Figure 6. Thermal effects illustrated by beam intensity contours and profiles for SDL laser diode A840 operating at output power levels from
0.1 to 2.0 W.
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Figure 7. Thermal and aging effects illustrated by beam 3-dimensional isometrics for SDL
laser diode BN968 taken at different power levels, different times after turn on
and at different times in its life.
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Figure 8. Thermal effects illustrated by beam 3-dimensional isometrics for SOL laser diode
CF621 taken at high and low power levels and different times after turn-on early
in its life.
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Figure 9. Thermal effects illustrated by 3-dimensional isometrics for MDAC/OEC laser
diode El 70T-2-10 operating at two power levels, for different shots and different
times after turn-on early in its life.
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Figure 10. Thermal effects illustrated by divergence versus Figure 11. Thermal effects illustrated by divergence versus

time after turn-on for SDL laser diude RP542 at time after turn-on for SDL laser diode CF621 at

four power levels. The divergence is measured four power levels. The divergence is measured

for the x and y directions. for both the x and y directions.

Figure 12. Thermal effects illustrated by divergence versus
time after turn-on for MDAC/OEC laser diode
E170T-1 at two different power levels. The
divergence is measured in the x direuion only.
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Conclusions

Aging was observed for several SDL laser diodes. It was most severe for prototype laser diode RB883 whose power decreased by 22% for the
same drive current after only 12 shots at 2.0 W. The other SDL laser diodes, except for CF621, saw decreases in power from 2.5 to 4.0% with 62 to
600 shots at their maximum operating powers. Laser diode CF621 was the latest generation 4-W device tested. It saw a 1% increase in power for
the same drive current after 230 shots at 4.0 W, and it had an efficiency increase of 6%. Its performance actually improved after some burn-in at
SNL.

Thermal effects were observed for two SOL commercial laser diodes by comparing power versus current and efficiency versus power curves.
Laser diode A840 had a 7% increase in its power for the same current when it was mounted on a TE cooler compared to when it was on a fin heat-
sink. Laser diode A841 had a 5.5% decrease in power when it was operated with a 2-min or 30-s time interval between shots compared to when it
had a 10-min interval.

Thermal effects were observed by comparing beam intensity distributions of the laser diodes. The SOL commercial laser diodes contained
double lobe patterns that tended to broaden with an increase in power. SDL BN968 and MDAC/OEC E170T-2-10 were both very unstable early in
their lives. After some aging BN968 became more stable and its intensity pattern looked more typical of this type of laser diode. Laser diode
CF621 was very stable initially and very little change was seen versus its power level or time after turn-on.

The divergence of SOL RP542 is fairly stabie at low optical power and more erratic at higher optical powers. The divergence of SOL CF621 has a
smaller variation versus power and turn-on time. The divergence of MOAC/OEC laser diode El 70T-1 increases with power and it also increases
after turn-on then gradually levels off.

The best thermal and aging performance from the high-power laser diodes tested was for 4-W SOL laser diode CF621. The optical power
versus current and efficiency of the CF621 laser diode improved with aging. The CF621 operated for 230 shots at 4 W before it was damaged by
butt-coupling a fiber optic to it. It also had a very stable beam intensity pattern versus both time after turn-on and optical power. Finally, it had a
very small spread in divergence versus time after turn-on and optical power. Laser diode CF621 was the latest generation 4-W laser diode tested.
Much improvement was observed during the course of this investigation in high-power laser diode technology and it is expected to continue.
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FREQUENCY-LOCKED 1.3 AND 1.5-pm DFB LASERS FOR
LIGHTWAVE SYSTEMS APPLICATIONS

Y. C. Chung
AT&T Bell Laboratories
Crawford Hill Laboratory
Holmdel, New Jersey 07733

Abstract

We describe a simple technique for frequency-locking 1.3 and 1.5-pm lasers to an
excited-state atomic transition of noble gases using the optogalvanic effect. Many
of the atomic transitions useful for these spectral regions are tabulated. Also,
the performance of frequency-locked lasers under direct frequency modulation is
analyzed. It is shown that neither the frequency stability nor the receiver sensitivity
shows any serious degradation when a frequency-locked laser is used in an FSK
transmission experiment.

I. Introduction
Frequency-locked semiconductor lasers operating in the 1.3 and 1.5-pm regions will

find many applications in future lightwave communication systems. Probably, the most
important applications of these lasers will be as an absolute reference in a
densely-packed wavelength-division-multiplexed (WDM) systems1 ,2 . In addition, these
lasers can be used in an optical frequency synthesizer 3 ,4 and in a heterodyne detection
system which can maintain a constant intermediate frequency (IF) without any IF locking
circuit 5 ,6 .

These prospective applications have attracted many efforts to improve the frequency
stability of semiconductor lasers. To ensure long-term frequency stability, atomic
or molecular absorption lines have been used as external frequency references 7 -2 4.
However, most of the previous results are limited to AlGaAs lasers operating at about
0.8 pm3 ,8- 19 . In the important 1.3 and 1.5-pm regions, where conventional silica-based
optical fibers show low dispersion and low loss, only a few experiments 20- 2 4 have
been reported. Yamaguchi and Suzuki 20 stabilized a 1.3-pm InGaAsP laser to the first
overtone vibration-rotation line of the hydrogen flouride (HF) molecule. Ohtsu et
al. 2 1 and Yanagawa et al. 2 2- 23 reported the frequency-locking of 1.5-pm lasers to
absorption lines of the water vapor (H20) and/or ammonia (NH3 ). However, these
molecular lines are not ideally suited for use as references in lightwave systems
due to their weak and complex absorption spectra. This, in turn, results in the need
for a long absorption cell. In comparison, atomic spectra offer relatively few strong
lines which can be easily identified. To take these advantages of atomic spectra,
Ohtsu and Ikegami 24 recently demonstrated the frequency-locking of a 1.5-pm InGaAsP
DFB laser to the Rb D2 line at 780 nm using the internally generated second harmonic
signal. However, it is difficult to realize this technique in practice, since the
optical power of the internally generated second harmonic signal from a typical InGaAsP
laser is less than a few picowatts.

It is noteworthy that the frequency references used in 1.3 and 1.5-pm regions are
either molecular absorption lines or an atomic Rb D2 line at 780 nm. This is due
to the difficulty of finding any useful atomic lines originating from the ground state
in these spectral regions. This problem can be solved by utilizing the excited-state
atomic transitions as external frequency references. In particular, noble gases such
as neon (Ne), argon (Ar), krypton (Kr), and xenon (Xe) offer many transitions in 1.3
and 1.5-pm regions as shown in Table 125-26. These lines can be excellent frequency
references since noble gases are relatively unsusceptible to external perturbation.
For the frequency-locking of semiconductor lasers, it is necessary to monitor the
absorption or the optogalvanic signal of these transitions from a discharge lamp.
In most cases, it is preferred to use optogalvanic signals due to the simplicity (no
need for photodetectors or beam splitters) and good sensitivity.

In the optogalvanic effect, a large change in the impedance of a gas discharge
is induced by laser irradiation at a wavelength corresponding to a nonionizing
transition of a species present in the gas discharge2 7- 31 . Since 1976 when Green
et al. demonstrated its use as a simple and efficient tool for laser spectroscopy27 ,
the optogalvanic effect has been extensively used in many applications including
frequency stabilization of AlGaAs lasers operating in the 0.8-4m regionll 1 3 ,19 .
However, the ability to extend this technique to 1.3 and 1.5-pm regions was in serious
doubt due to the suspicion that semiconductor lasers do not have sufficient output
power to induce any significant impedance changes of a discharge lamp in these spectral
regions 2 0 . However, it was recently demonstrated that 1.3 and 1.5-pm lasers with
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moderate output power (-1 mW) can be frequency-locked to excited-state atomic
transitions using the optogalvanic effect 32 - 33 . This method is promising for the
use in lightwave communication systems due to the simplicity of implementation and
the previously mentioned advantages of using atomic transition lines. In this paper,
we review the work to date on the simple technique for the frequency-locking of 1.3
and 1.5-pm semiconductor lasers to an excited-state atomic transition of noble gases
using the optogalvanic effect.

II. Optogalvanic Effects
A complete theoretical treatment of the optogalvanic effect, which must involve

simultaneous solution of plasma, rate, and Maxwell's equations, is very difficult
and beyond the scope of this paper. Instead, the mechanism of the optogalvanic effect
is explained qualitatively using a partial energy diagram of Ar atom shown in Figure
1. When a discharge lamp filled with Ar gas is turned on, Ar atoms are excited to
every energy level. Under normal operating conditions, a discharge lamp maintains
a steady state where the total ionization rate is matched with the total loss rate
of Ar ions. If the discharge lamp is irradiated by a laser beam at a wavelength of
1.2960 pm, the Ar atoms in the 2Pl0 level will be excited to 3d5 level, causing changes
in the population densities of Ar atoms in these levels. However, Ar atoms in the
3d5 level have a higher ionization probability than those in the 2Pl0 level, since
those atoms in the 3d5 level require less energy to be ionzed. Thus, the laser-induced
changes in population densities between these two levels will increase the total
ionization rate within a discharge lamp. Consequently, the discharge current needed
to maintain steady state is reduced, in other words, the impedance of a discharge
lamp is increased due to the laser irradiation at 1.2960 pm. This explanation covers
most atomic transitions of noble gases in 1.3 and 1.5-pm regions. However, it should
be noted that the discharge current will be increased if the laser irradiation depletes
an energy state, such as metastable state, which contributes significantly to ionization
by electron collisions. These changes in the discharge current due to laser irradiation
at a wavelength corresponding to a specific atomic transition is the so-called
"optogalvanic effect".

III. Experiments
The frequency fluctuations of semiconductor lasers have two origins: (1) intrinsic

noise due to spontaneous emission and carrier density fluctuations 34 and (2) extrinsic
noise due to ambient temperature fluctuations and injection current variations. In
most lightwave systems, the requirement for frequency stability is relatively forgiving
- especially when the bit rate is high or the channel spacing is broad. Thus, the
main objective of the present work is to suppress the extrinsic noise and prevent
long-term drift by locking the laser frequency to an external absolute reference.

A. Frequency-Locked 1.3-pm Lasers
A block diagram of the experimental setup is shown in Figure 2. An InGaAsP

DFB laser was mounted on a thermoelectrically cooled copper heat sink. The temperature
of the heat sink was regulated within 0.10 C, but the laser itself was exposed to the
ambient laboratory environment. The laser was biased by a current supply regulated
to better than ±1 pA. Single frequency operation of the laser was verified using
an optical spectrum analyzer and Fabry Perot interferometer. The frequency tunability
of the laser was 1.8 GHz/mA and 15 GHz/0 C. Using a wavemeter, the laser frequency
was roughly adjusted to the region where the optogalvanic signal corresponding to
the Ar 2p1 0-3d5 transition (1.2960 pm) is expected to be observed. Accordingly, the
operating temperature and the injection current were 8.9'C and 61 mA, respectively.

The optogalvanic effect can be observed in all kind of discharges including
hollow cathode discharges, normal glow discharges, abnormal discharges, arc discharges,
microwave discharges, and even flames 31 . However, hollow cathode discharges offer
strong optogalvanic signals due to the high current densities (and consequently hiqh
light intensities) and relatively small Doppler width of the emitted lines 5- 36.
A commercial Ar-filled hollow cathode lamp was used in this experiment. The cathode
element was aluminium. Figure 3 shows the measured optogalvanic signal of the Ar
2p10 -3d5 transition in comparison with the laser power transmitted through this lamp.
A strong optogalvanic signal with a good signal-to-noise ratio was observed while
the absorption of the laser beam within the lamp was less than 3%. The magnitude
of the optogalvanic signal depends on the structure of the discharge, discharge current,
and laser intensity. Figure 4 shows the measured magnitude of the optogalvanic signals
from the Ar 2p1 0-3d5 transition as a function of laser power. The optogalvanic signals
were stronger at the higher laser powers, although this Ar transition developed strong
saturation even at modest levels of laser power. The discharge current of the hollow
cathode lamp must be determined to obtain a stable discharge and strong optogalvanic
signal. Figure 5 shows that, in the normal glow region of discharge, the optogalvanic
signal increases with discharge current.
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The laser output was collimated by a microscope objective, and sent to a hollow
cathode lamp along the lamp axis. Unwanted optical feedback was avoided by placing
two optical isolators in front of the laser. The discharge current of the hollow
cathode lamp was set to be 11 mA using a ballast resistor. The laser power incident
on the hollow cathode lamp was 3.5 mW. Under these conditions, the absorption of
the laser beam by the Ar gas within the lamp was merely 3%. Thus, the rest of the
laser beam which passed through the lamp can be coupled into the transmission fiber
without the use of beamsplitters. To obtain the frequency discriminant signal, the
laser frequency was slightly dithered at 2 kHz by adding a small (±5 PA) sinusoidal
current to the injection current. The amplitude of the sinusoidal current was
restricted in order to minimize the power and frequency modulation. Also, the dither
frequency was restricted to low frequencies (<10 kHz), so it would not affect the
data transmission when the laser is used as a transmitter in a FSK system 5 - 6 . Figure
6 shows the measured first derivative signal of Ar 2p1 0 -3d 5 transition. The
peak-to-peak width of the signal was measured to be 650 MHz by the frequency markers
of the interference fringes of a confocal Fabry-Perot interferometer (free spectral
range; 750 MHz). The slope of the signal was 1.2 pV/MHz near the center of the
transition. The linear portion of this first-derivative signal was used for the
frequency-locking. The laser-induced voltage change across the lamp was synchronously
detected using a lock-in amplifier. The time constant of the lock-in amplifier was
set at 10 ms throughout this experiment. The output of the lock-in amplifier was
processed by a proportional amplifier and an integrator. The resulting error signal
was then added to the injection current to correct the frequency drift of the laser.

The stability of the laser frequency can be estimated by tracing the error signal.
However, measurement of frequency stability based on the error signal shows only the
frequency drift with respect to the reference frequency, i.e., it does not show the
drift of the reference frequency itself. When the reference signal is obtained from
a discharge lamp, the discrepancy between relative and absolute stability may not
be negligible. One way to measure the absolute frequency stability is to use an
additional frequency discriminator which is independent of the frequency-locking servo
loop. For this purpose, an Ar-filled hollow cathode lamp which is identical with
the one used for frequency-locking was used. The laser beam which passed through
the first hollow cathode lamp used for frequency locking was directed to the second
one for the estimation of the absolute stability. The operating conditions of these
lamps were also identical, i.e., both lamps were operated at a constant current of
11 mA.

Figure 7 shows the trace of error signal measured with respect to the independent
frequency discriminator. The peak-to-peak frequency fluctuations in free-running
condition were estimated to be 650 MHz, mainly due to the laser temperature
fluctuations. When the servo-loop was closed, the frequency stability was improved
to better than 4 MHz. This stability was maintained over several days without any
additional adjustment under normal laboratory conditions.

B. Frequency-Locked 1.5-pm Lasers
For the demonstration of a frequency-locked 1.5-pm laser, the Kr 2p1 0 -3d3

transition at 1.5339 pm was used as a frequency reference. An InGaAsP DFB laser was
used in this experiment. The laser had a tunability of 1.1 GHz/mA and 12.7 GHz/oC.
The operating temperature and the injection current were set at 20.2 0 C and 74 mA,
respectively, to adjust the laser frequency close to the Kr 2p10 -3d3 transition (1.5339
pm). Under these conditions, the laser power incident on the hollow cathode lamp
was 2.9 mW. The lamp was filled with Kr and Ne buffer gases. The discharge current
of the lamp was 9 mA. To obtain the frequency discriminant signal, the laser frequency
was slightly dithered at 2 kHz by adding a small (±15 pA) sinusoidal current to the
injection current. The peak-to-peak width of the first derivative signal was measured
to be 380 MHz and the slope was 10 pv/MHz near the center of the transition. By using
the linear portion of this first-derivative signal, the laser frequency was locked
to the Kr 2p10 -3d3 transition at 1.5339 pm.

Figure 8 shows the trace of the error signal obtained from an independent
frequency discriminator, i.e., an identical hollow cathode lamp filled with Kr and
Ne gases. In the free-running condition, the peak-to-peak frequency fluctuations
was estimated to be 360 MHz. When the servo-loop was closed, the laser frequency
was locked within ±2 MHz from the center of the Kr 2p1 0 -3d3 transition (1.5339 pm).

IV. Frequency-Locked Lasers Under FSK Modulation
To determine the feasibility of using fequency-locked lasers as transmitters in

lightwave communication systems, it is necessary to investigate their performance
under modulation with random data. In particular, it is important to understand the
effects of the frequency dither on the receiver sensitivity and of the data transmission
on the frequency stability. The frequency-locking of a modulated laser was first
demonstrated by Koizumi et al. 37 . In their experiment, an AlGaAs laser directly
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Recently, Chung et al. 38 demonstrated the frequency-locking of an InGaAsP DFB laser
modulated with 50 Mbit/s pseudorandom data and reported that neither the frequency
stability nor the receiver sensitivity showed any serious degradation when a
frequency-locked laser was used in a FSK transmission experiment. Subsequently, these
frequency-locked lasers have been used as transmitters and local oscillators in a
1.7 Gbit/s FSK heterodyne detection system which maintains a constant intermediate
frequency (IF) without an IF locking circuit 5- 6 , and as an absolute reference in a
densely packed WDM coherent star network1 .

A block diagram of the experimental setup is shown in Figure 9. The laser frequency
was locked to the Ar 2p10 -3d5 transition at 1.2960 4m using the optogal'anic effect.
For the frequency-locking, the laser frequency was dithered at 2 kHz by adding a small
(±5 pA) of sinusoidal current to the injection current. The laser frequency was then
directly modulated by Alternate Mark Inversion Frequency Shift Keying (AMI FSK).
This modulation scheme avoids the dip in the laser's low-frequency FM response 39 .
A Fabry-Perot interferometer was used to demodulate the AMI FSK signal by passing
the spaces and blocking the marks. The demodulated signal was detected by an InGaAsP
PIN photodiode and sent to an error detector for bit error rate measurement.

Without modulation, the peak-to-peak frequency fluctuation was estimated to be
650 MHz in the free-running condition. With the servo-loop closed, the frequency
stability was improved to 4.1 MHz. However, when the laser frequency was modulated
with 50 Mbit/s pseudorandom data, the frequency stability was 6.7 MHz. This degradation
occurs because, in the modulation format used in this work, 25% of the laser power
falls outside the bandwidth of the Ar transition line, which reduces the amplitude
of the first-derivative signal. The frequency stability can be mostly recovered by
reoptimizing the loop gain. Figure 10 shows the measured bit-error-rate curve of
this system; (1) when the frequency-locking servo-loop was closed, and (2) when the
servo-loop was open and the frequency dither was removed. The degradation of the
receiver sensitivity due to the frequency-locking servo loop was less than 0.3 dB,
which is negligible.

V. Summary
A technique for frequency-locking 1.3 and 1.5-pm lasers to an excited-state atomic

transition of noble gases was described. A qualitative explanation of the optogalvanic
effect was presented. The excited-state atomic transitions of noble gases available
for the frequency-locking of 1.3 and 1.5-pm lasers were tabulated. For demonstration,
InGaAsP DFB lasers were frequency-locked to Ar 2p10 -3d5 transition at 1.2960 Pm and
Kr 2pl0 -3d3 transition at 1.5339 lim, respectively. The results indicate that the
frequency stability of a few MHz can be easily achieved, which is sufficient for most
lightwave systems applications. In fact, these frequency-locked lasers have been
used as an absolute reference in a densely packed WDM coherent star network1 .

The feasibility of using frequency-locked lasers as transmitters in lightwave systems
has been studied. When a frequency-locked laser was modulated with FSK signals, the
frequency stability was slightly degraded due to the reduced frequency-discriminant
signal and broadened laser linewidth. However, the frequency stability can be mostly
recovered by reoptimizing the loop gain. The degradation of the receiver sensitivity
due to the frequency-locking servo loop (and the frequency dither used to obtain the
frequency-discriminant signal) was negligible. A high bit-rate FSK heterodyne detection
system was demonstrated using these frequency-locked lasers as transmitters and local
oscillators 6 .

In conclusion, the frequency-locking technique using the optogalvanic signals of
the excited atomic transitions of noble gases has many advantages of using atomic
spectra. In contrast to molecular spectra, in general, atomic spectra are relatively
simple, strong, and easily identified. In addition, this technique is simple, compact,
and cost-effective. Thus, this technique can be used to develop frequency-locked
1.3 and 1.5-m lasers for future lightwave systems applications.
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DUAL OPTICALLY STABILIZED SEMICONDUCTOR LASERS FOR

COHERENT OPTICAL COMMUNICATIONS

W. R. Babbitt and R. G. Beausoleil*

Boeing High Technology Center

P.O. Box 3999, M/S 7J-27, Seattle, WA 98124-2499

We present a model on the optical stabilization of a semiconductor laser via resonant optical feedback from an external high-

finesse cavity. The model predicts the laser linewidth in the limit of a white frequency noise spectrum, the locking range, and

expected deviations of the locked laser's operating frequency trom the external resonator's axial mode frequency. Tle model's

prediction were verified through two experiments: one in which a single semiconductor laser is stabilized by resonant optical

feedback and another in which two semiconductor lasers were optically locked to different axial modes of the same confocal

Fabry-Perot Cavity. Techniques for optically locking multiple semiconductor lasers to different modes of an optical resonator are

described. Applications of such multiple optically stabilized semiconductor lasers to optical communications are discussed.

Introduction

Several applications, including optical communication, laser radar, and optical position/velocity measurement systems, require

extremely narrow laser linewidths in order to achieve high-quality or high-precision performance. The use of semiconductor lasers

in these systems is also desirable, due to their low cost, compact size, and integrability into electronic circuitry. Several

techniques have been suggested for narrowing the linewidth of semiconductor lasers. (See introduction in reference 1) The

technique of resonant optical feedback, first demonstrated by Dahmani et al., 2 is unique for not only is the laser linewidth

significantly narrowed, 3 but the frequency of the laser is locked to one of the resonant mode frequencies of an external optical

resonator. The theoretical laser linewidth for a laser stabilized by resonant optical feedback has been presented by a number of

authors. 1,4 ,5 In this paper, we present a model of resonant optical feedback which, as well as predicting the laser linewidth in the

limit of a white frequency noise spectrum, predicts the locking range and expected deviations of the locked laser frequency from

the external resonator's axial mode frequency. Experimental verification of the model's predictions is presented. The technique of

locking two lasers to the same Fabry-Perot cavity and the extension of this technique to the optical stabilization of multiple

lasers are discussed, along with possible applications of these techniques to optical communications.

Optically Stabilized Semiconductor Laser Model

Hjelme and Mickelson developed a model for the linewidth and steady-state behavior of a semiconductor laser with a short

extended cavity which was valid for arbitrarily strong feedback. 6 St'bsequently, the limitation of this model to short external

cavities was eliminated by including the effect of relaxation oscillations on the frequency spectrum of a single mode semiconductor

laser.4 Their result can be applied to the case of resonant optical feedback by replacing the amplitude reflection coefficient of the

external mirror in their analysis with the complex reflection coefficient of an external high-finesse cavity (HFC) whose phase and

amplitude are frequency dependent. 4 Carrying out the analysis in the case of weak optical feedback in the limit of a white

frequency noise spectrum, one finds that the shift of the optically stabilized semiconductor laser with respect to the free-running

semiconductor laser is given by

sin[2 rf0rL + tan- l' I+ F tanQ r(fo-f)AfFSR]) . tant (a)
f-f -~ 1+ 2 S 0 q (a)] ,1)

Ear2Fd 1 + Fsin2( (r(fo-fq)/AfFsR)

where fo is the operating frequency of optically stabilized laser, fs is the free-running frequency of solitary semiconductor laser

(without feedback), Fd and td are the finesse and round-trip time of semiconductor laser cavity, respectively, a is the linewidth

enhancement factor, VL is the round-trip time between the semiconductor laser and the HFC, K is the optical feedback level at

the peak of resonance, F is the HFC's coefficient of finesse, fq is the frequency of qth mode of the HFC, and AfFSR is the HFC's

free spectral range.
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FA F r
In the limits of high finesse Fcrc >> - a short distance between the laser and the HFC rL << -" ' small laser

frequency shifts I0 "fI <<, and near resonant operation If0 -fj I where F c = 47 is the HFC's finesse
+r

and 1 is the round-trip time in the HFC, equation (1) above can be use to predict at least four measurable quantities of
a AfFSR

interest in the design of practical optically stabilized semiconductor laser (OSSL) systems.

1) The linewidth of the optically stabilized semiconductor laser, assuming that the laser's spectral characteristics are dominated

by white frequency noise, is given by
AJsT

Af = , (2)

(F )

where AfsT = Schawlow-Townes linewidth.(REF) In practice, a semiconductor laser has several sources of noise. The degree

to which a semiconductor laser's behavior can be considered to be governed by white noise varies from laser to laser. In a laser

that has significant 1/f noise contributions, it is predicted that the laser linewidth reduction factor (the demoninator in equation 2)

would go as the roughly the square root of that of equation 2.1

2) The frequency shift of the optically stabilized semiconductor laser due to tuning of the free running laser frequency is given by
af0 = 1 (3)

A similar result was derived by Laurent et al. 1

3) The frequency shift of the optically stabilized semiconductor laser due to changes in the optical path length between the

semiconductor laser and the HFC, L, is given by

Lfo 2A 1(4)

where L - C-. It should be pointed out that this derivative was evaluated at its maximum value. The operating frequency as a
2

function of L is cyclic with a period equal to A/2 and a maximum deviation of 1 (the half width at half maximum of the HFC)
2F r

under locked conditions. Our value for Lo is significantly larger (by a factor of FJ2) than that derived by Laurent et al.1

4) The locking range is defined as the range over which the free running laser frequency can be tuned while maintaining a locked

state of the optically stabilized semiconductor laser. The locking range is determined from a plot of the operating frequency

versus free running laser frequency. To obtain this plot, the relationship between of the free running laser frequency and the

operating frequency is first generated using equation (2). This relationship is then inverted into a one to one mapping of the free

running frequency to operating frequency by choosing the operating frequency that corresponds to the laser mode that is stable

and has the highest gain for a given free running laser frequency. The lock range is highly dependent on the feedback level, K,

which is difficult to measure experimentally. However, by measuring the experimental locking range and using the above model,

an estimate of the feedback level can be made.

Single Ooticallv Stabilized Semiconductor Laser Exoeriment 3

A schematic of the single OSSL experiment is shown in figure 1. A Hitachi HLP1400 GaAlAs semiconductor laser was

operated at laser current of about 100 mA to produce a laser output of roughly 12 mW. The beamsplitter transmitted 90% of the

output laser power. A mirror mounted on a piezoelectric actuator controlled the laser to HFC distance. The 5 cm Fabry-Perot

cavity was aligned in a confocal V-mode; only light that has been transmitted stored in the interferometer is fed back into the

laser. The linewidth of the stabilized laser was measured using a delayed self-heterodyne technique. 3,7 The power spectra of the

self-heterodyne signal with and without feedback are shown in figure 2 and an expanded frequency axis plot of the self-heterodyne

power spectrum is shown is figure 3. The signal to background ratio in figure 3 indicates a laser linewidth well below the 1 kHz

resolution limit of the self-heterodyne system. Using the following values for the experimental parameters: Fc= 300, 'c= 670

psec, L = 1.2 m, Fd= 2.5, -rd= 6.7 psec, a = 3, K = 104 , AfST = 2 MHz, and A = 830 nm, the predicted linewidth would be on

the order of 100 Hz.
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Figure 1. Schematic of single optically stabilized semiconductor laser.
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Figure 2. Power spectra of the self-heterodyne signal with and without resonant optical feedback.
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Figure 3. Power spectrum of the self-heterodyne signal with resonant optical feedback.
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Dual Optically Stabilized Semiconductor Lasers Experiment

In order to measure small deviations in the stabilized laser's operating frequency due to changes in L orfs, we heterodyne

detected the laser with a second stabilized laser. In order to eliminate errors due to fluctuations in the resonant frequencies of

the HFC, the two laser were locked to the different axial modes of the same confocal Fabry-Perot cavity. The schematic of this

dual OSSL experiment in figure 4 shows how the amplitude and phase of the feedback to each laser could be individually adjusted.

The cavity mode to which a given laser locks was adjusted by tuning the free-running laser frequency (via the laser current).

Crosstalk betwen the lasers was minimized by giving the laser's orthogonal polarizations at the input to the Fabry-Perot cavity.
The output beams were heterodyne detected on a silicon avalanche photodiode and the spectrum of the heterodyne signal was

measured with a rf spectrum analyzer. Figure 5 shows the heterodyne spectra of the two free running lasers and of the two

lasers locked to adjacent modes of the 1.5 GHz free spectral range Fabry-Perot. Figure 6 shows multiple locked heterodyne

spectra where one of the lasers was sequentially locked (via tuning of its laser current) to the 12 different axial modes around the

axial mode of the Fabry-Perot cavity to which the other laser was locked. The roll off is due to the frequency response of our

detecLor. The heterodyne signal frequency could be any multiple of the free spectral range, from a few gigahertz to far in excess of

a terahertz. Also shown in Figure 6 is the heterodyne spectrum when the two lasers are free-running and tuned 2.25 GHz apart.

The measured locking ranges for the two lasers were 550 MHz and 300 MHz, corresponding to feedback levels on the order of
10-4 . Frequency deviations introduced by changes in the free-running laser frequency and in the laser to HFC distance were

measured by recording the shifts in the heterodyne frequency when the laser current and the voltage controlling the PZT adjusted

mirror were changed, respectively. Using the experimental parameters above, the predicted L- value is 1/400 ±40%. The error
e ov t - a

stems from uncertainty in the feedback level. The experimental value for was 1/700 ±30%. The measurement error stems

from jitter in the heterodyne frequency with an amplitude on the order of 100 kHz and a frequency on the order of 100 Hz. The

amplitude and frequency of this jitter is consistent with jitter in the free running laser frequency due to laser current noise (a few

microamperes, rms) from the AC line in the current sources used for this experiment. The model's prediction for the frequency

shifts due to tuning of distance between laser and high-finesse cavity is f = - 38 ±5 kHz/nm, where the error stems fromOIL

uncertainty is the finesse of the Fabry-Perot during operation. Experimentally we found that f0 -40 ±20 kHz/nm, in

reasonable agreement with the predictions of our model.
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Figure 4. Schematic of dual optically stabilized semiconductor lasers experiment.
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Figure 6. Multiple heterodyne spectra produced by detuning one of the optically stabilized lasers with

respect to the other. The broad spectrum at 2.25 GHz was produced when the lasers were free running.

Applications of Optically Stabilized Semiconductor Lasers to Optical Communication

OSSL systems have potential applications in the optical communications field.8 The systems have the advantage of being

based on an all-optical technique that not only locks two lasers with a fixed frequency separation, but also substantially narrows

the linewidths of the lasers. An rf reference source is not required, nor is electronic feedback of the laser output required. The

major drawbacks of the dual optically stabilized lasers is the residual linewidth and the operating laser frequency tuning due to

deviations in the laser current and in the laser to cavity distance. Laser current sources with lower noise specifications are

available to reduce the frequency jitter observed in our experiment. Even so, for frequency separations of less than 100 GHz,

other locking technique (for example, the technique of injection locking slave lasers to the sidebands of a frequency modulated

master laser) provide significantly stabler frequency separations than the OSSL technique. However, the frequency separations

obtainable with these other techniques are limited to the lower order harmonics of the rf source that drives the master oscillator

(i.e. frequency separations less than 100 GHz), whereas the dual OSSL system can obtain frequency separation far in excess of a

terahertz.
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The other advantage of the OSSL technique is that more than two lasers may be locked to the different axial modes of the

same optical cavity. We used polarization isolation to minimize the crosstalk between the lasers, but this technique is limited to

two laser. One isolation technique that could be used with a confocal Fabry-Perot cavity to stabilize multiple lasers is angular

and rotational separation of the feedback beams. However, the alignment difficulties associated with this technique would make

it impractical. For a practical system, it may be sufficient to use frequency separation of the lasers. If the frequency separation

between lasers is much greater than the locking ranges, the crosstalk should be minimal. This would allow for all-fiber systems,

which would greatly minimize alignment difficulties. Figure 7 shows an all-fiber multiple OSSL system based on the frequency

isolation technique. All fiber-optic splitters, electro-optic modulators, coupler, and resonator have replaced the bulk-optic

beamsplitters, PZT controlled mirrors, beam combiner, and confocal cavity of figure 4. Care must be taken is such a system that

the reflection from the various components are negligible compared to the feedback of the HFC and optical isolators may be

needed on the outputs.

I e k'n u trLa se r I ..... -,.....

ISemiconductors r••  Now• •

I e" °utr- Laser 2

Figure 7. All-fiber nmltiple optically stabilized semiconductor laser system.

Multiple OSSLs may have applications in frequency division multiplexed (FDM) optical communication networks. Figure 8

shows how a FDM transmitter could be configured. External modulation is indicated, though direct modulation techniques should

not be ruled out.9  A reference frequency is also transmitted along with the FDM output. Figure 9 shows one possible

configuration of a FDM receiver. The reference electronics locks a resonant mode of the receiver's HFC to the optical frequency

of the transmitter's reference or the electronics may introduce a fixed frequency offset. The multiplexed signals are demultiplexed

using optical heterodyne techniques. An OSSL FDM system would probably work best in a star configuration, where there might

be multiple OSSL transmitters and receivers with one master reference.

Codultoul MtySSemiconductor Ia e N== Modulato 2.ne,

Cupe CouplruenIcaiy

Figure 8. Frequency division multiplexed transmitter based on an OSSL system.
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Figure 9. Frequency division multiplexed receiver based on an OSSL system.

Summry

In summary, we have derived a model that predicts the linewidth, locking range, and frequency tuning of semiconductor lasers

that have been optically stabilized with feedback from an exteal high-finesse cavity. Both single OSSL experiments and dual
OSSL experiments were performed in order to verify our model. The dual OSSL system demonstrates that more than one laser
can be locked to a single resonator and suggests that multiple OSSL systems could be used in the transmitters and receivers of a
FDM optical communication network.
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NARROW BAND, HIGH POWER LIGHT FROM DIODE LASERS
Song-Quan Shang and Harold Metcalf

State University of New York, Physics Dept., Stony Brook, NY 11794

ABSTRACT

We have used a 100 mW cw laser diode array to amplify the light from a low power, sin-
gle stripe diode laser (both lasers commercially available). The input light was spec-
trally narrowed and frequency stabilized to less than 300 kHz using optical feedback from a
Fabry-Perot cavity, and the amplified beam had the same spectral characteristics. Also,
the -90 mW amplified beam had a single diffraction-limited spatial mode corresponding to
the full 100 gm width of the array, indicating that all its stripes were coherent. We have
tested a simple quantitative model of this process. We used counterpropagating beams light
from 8 his array to form a one-dimensional optical molasses perpendicular to an atomic beam
of Rb for active collimation. The minimum measured angular spread of the beam we
achieved corresponds to a transverse rms speed of 3 cm/s. This low velocity was limited
only by experimental geometry.

I. INTRODUCTION

Because of their ease of use and low cost, tunable diode lasers may have significant
impact on experimental atomic physics, and especially on laser spectroscopy. For example,
it is now quite reasonable to consider single experiments that use several different lasers
for state preparation, optical pumping, opto-mechanical steering and cooling, saturation,
probing, etc. The individual laser beams may be cw, chopped, frequency modulated, or
otherwise customized to particular jobs. Before such new kinds of experiments can be real-
ized, however, some of the inherent disadvantages of diode lasers must be overcome. Some
of their present limitations are imposed by their spectral width, frequency stability, spa-
tial beam quality, and low power output.

Recently there has been an important advance in spectral narrowing and frequency sta-
bilizatign techniques of low power (single stripe) diode lasers by purely optical
feedback . This method has the important advantages that it is simple and that its
bandwidth does not have electronic limitations. Furthermore, the diode laser frequency is
locked to an external cavity which can itself be locked to a reference, or can be scanned
or modulated. Finally, it requires a minimum of instrumentation, all of which can be
home-built in a modestly-equipped laboratory. We have duplicated the results of Ref. 1
quite successfully. Even without the phase control labelled PZT-0 in Ref. 1, we have
locked and swept off-the-shelf diode lasers (Sharp LT-021, LT-024) over hundreds of MHz at
rates in the order of 1 THz/s while maintaining a spectral width a few tens of kHz.

Unfortunately, the output power of the single longitudinal mode diode lasers that are
most suitable for this spectral narrowing method is limited to about 30 mW (only a few mW
of this needs to be split off for the narrowing beam). In order to achieve higher power
output, monolithic arrays of diode lasers are necessary, but these arrays are not as easy
to control. One way to have the best features of both types is to inject light from
another source intoa diode laser array, and many authors have reported successful experi-
ments of this kind .

We report here extensions and improvements of this prior work, as well as a simple
physical model of the process. We inject only 2 mW from a master diode laser (spectrally
narrowed as in Ref. 1) into a 100 mW free-running array (Spectra-Diode Labs 2410-C), and we
find that it dramatically narrows both its spectrum and beam divergence. We have modelled
this injection process, and have found that the dominant feature is phase matching of the
injected wave with the free running wave in a single stripe of the array. This model
provides an accurate description of both the main output beam features as well as certain
secondary behavior.

We have used the light from this laser array to make an "optical molasses" for the
purpose of actively collimating an atomic beam. The limits of precision of atomic beam ex-
periments are ordinarily limited by the beam's brightness; using smaller slits to get more
parallel beams reduces the atomic flux. The force that arises in optical collimation,
however, is velocity dependent and can be arranged to increase the beam brighness. We
report here our first measurements of brightness enhancement of atomic beams, comprising
optical collimation below the Doppler limit.
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II. EXPERIMENTS
PTOTIOOE ARRAY

In our apparatus, a 10 mW Sharp LT-021 diode laser, FR FARFIELDPATTERN

narrowed as described in Ref. 1, serves as the master

laser. A small part of its output is split off for nar-

rowing while the rest is optically isolated and carefully MASTER DIOD

focussed onto the front end of one stripe of a LAR

Spectra-Diode Labs model 2410-C diode array as shown in

Fig. 1. A combination of cylindrical and spherical lensesis used, including one mounted in a precision xyz stage " S EcTRUM

equipped with a PZT micrometer for the motion parallel to ANALYZER

the long direction of the output face of the array, so

that individual stripes (10 pm apart) may be targeted for LINE-WIDTH MONO-

light from the master laser. The input beam is focussed NARROWING CIROMATOR
into a spot small enough to avoid spill-over onto the ends

of ajacent stripes, but the NA is kept small enough to

avoid simultaneous coupling into many spatial modes of the Fig. 1. Schematic of apparatus.

target channel of the array. The input beam is incident

on an 80 mm focal length cylinder lens followed by a
6.5 mm focal length Melles-Griot diode laser collimator

about 100 mm away from it that refocusses the input spot

onto the array as desired. The various spatial modes can

be selected by transverse motion of the cylinder lens to

change the angle of the incoming beam of master laser
liqht.

The small amount of light emitted from the rear facet

of the array (standard 9% reflection coated) is focussed

into a spectrum analyzer while the main beam emitted from

the front of the array is collimated by the same optics

that focus the incoming light and then split for near and
far field measurements. The free running array emits in

two lobes directed about ±30 from the axis, and it is im- (a)
portant to note that master laser beam is directVd close

to, but not coincident with, one of these lobes . Typi-

cally it is at about 40 from the laser axis, about 10

larger than the free-running lobes. The main output beam

is directed close to the other lobe, and thus the properly

inje 6ed array can appear almost like a mirror with

gain .

Although the free running array has character-
istically many spectrally broad, weak longitudinal modes
spread over -1000 GHz, injection of the master laser's
light collapses the spectrum into a single mode at the
master laser frequency. Fig. 2a shows the many weak modes
of the free running array spread over hundreds of GHz, (b)

folded by the 2 GHz FSR of the analyzer (finesse -50).

Fig. 2b shows that when the master laser light is admit-

ted, the spectrum condenses dramatically into a single

narrow mode whose strength is 50-100 times stronger (note

change of scale). If there is light at other frequencies,
it is less intense by a factor of at least 1000, and even

this number is limited by the noise of our detector. When
this beam Is mixed on a fast photodiode with light from 1

a

separate, independently locked and narrowed diode laser ,

the beat note is observed to be less than 300 kHz wide

(see Fig. 2c). (This width actually appears to be about

ten times smaller, but overall frequency instabilities
presently limit our measurement capability.) The spectral (C)
purity is therefore very high.

Fig. 2. Spectra of free running laser array (a), and injection
locked laser array (b) measured with 2 3Hz FSR spectrum analyzer.
Note the difference in scale. Photo (2c) shows the beat of an
injection locked array with an independent laser spectrally
narrowed and stabilized by the method of Ref. 1. The vertical
scale is 80dB from top to bottom (S/N = 1000) and the horizontal
axis is 50 MHz from end to end. The measurement was limited by
the 300 kHz resolution of the rf spectrum analvzer.
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Figure 3a shows the several longitudinal mode clusters of the free running array as
measured with a 1/3 m spectrometer. We have achieved injection locking at many different
frequencies, including modes so weak that they don't even oscillate when the array is free
running, but they are still within the gain region, as suggested in Ref. 3. Figure 3b
shows the spectrometer scan on the same scale with injection locking on such a mode. The
implications are that a laser diode array can generate light at frequencies many hundreds
of GHz away from its free running output spectrum, and therefore may not require very care-
ful wavelength selection from the manufacturer.

While operating the array at a fixed current, we have achieved successful injection
locking for a -40 GHz range of master laser light frequencies. This corresponds to the
35 GHz resolution of the diode laser cavity whose mode spacing is about 125 GHz and has 99%
reflection at one end and about 35% reflection at the other (uncoated) end. The efficiency
(power output from the array for fixed power input) is asymmetric in detuning, having a
long,3 broad tail on the high frequency side and a sharp cutoff on the low frequency
side. ' ' Although it is expected that there should be no injection locking at frequencies
below that of the free-running array, we have observed that the peak of this efficiency
curve can occur -30 GHz below this frequency,2and interpret this in terms of the carrier
depletion that occurs when the laser is injected .

When the frequency of both lasers are swept by varying their currents together (with
no special precautions to maintain a fixed relationship between the currents other than to
keep them within the 40 GHz capture range), the injected array1 stays locked to the master
laser over the full sweep range of the master laser (several cm when it is not locked to
the narrowing interferometer). When the power of the master laser beam is reduced, suc-
cessful injection locking requires that its frequency be raised, consistent with t e model
of the carrier density dependence of the index of refraction of the laser material

a

.........~ ~ ~ ~ ~ ~ ~~~... .....l,, .........,,IllIL ..
-O 5 0 .lh0 5

Anal (dog) AnIe (dOn)

774 775 776 777 778 X(nr

Fig. 3. Spectra from 1/3 m spectro- Fig. 4. (4a) shows the spatial pattern of the
meter of the free running array (a) output of the free running array focussed onto a
and the injection locked array (b). Reticon diode array (256 channels on 25 gm
Note that injection locking can also centers). (4b) shows the spatial effect of
work on modes normally so weak that
they don't appear in the spectrum of injection locking.
the free running array (scales of (a)

and (b) are the same).

Injection of the master laser light also has a profound effect on the spatial distri-
bution of the array output. The far-field pattern of the free-running array has two asym-
metric lobes a few degrees wide and -6 apart, as shown in Fig. 4a. This separation is
usually explained as the angle that produces constructive interference between the output
beams of the ~180 ° phase shifted ajacent stripes. When the master laser light is admitted,
these are collapsed into a single, nearly diffraction limited 2beam directed at a lagger an-
gle from the laser axis than either of the two original lobes (Fig. 4b). The 0.27 spread
of the beam is the diffraction angle determined by the full width of the array, thus sug-
gesting that all 10 stripes (in this array) are phase locked together. This beam contains
most of the power of the array (typically 90% or 90 mW), and is therefore many orders of
magnitude brighter than the free running output beams.

When the master laser light was focussed by only spherical lenses, we observed one or
more small secondary beams at discrete angles from the main beam (Fig. 5a). Their relative
strengths and angles depend on both injection laser frequency and alignment. However, use
of the cylinder lens to compress the master laser light resulted In the appearance of just
one of these peaks at a time, selectable by the injection angle (Fig. 5b). Careful meas-
urements of this dependence further corroborates our model of injection locking.
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III. MODEL OF INJECTION LOCKING

Discussion of the behavior of diode laser arrays begins with the free-running mode
structure illustrated in Fig. 3a. The separation between these is not simply the spacing
between resonant longitudinal modes of the dielectric Fabry-Perot cavity (index of
refraction = n) constituting the laser, but must also account for the dispersion of the
medium-. Differentiating the resonance condition mA = 2nL gives the spacing Am = c/2n'L,
where n' n - A(dn/dA) has a surprisingly large correction for the dispersion . Our
measured Am = (127t3) GHz, and the specified length of the SDL-2410-C laser array
(250'10 pm), combine to give n' = 4.72±0.30. As described above, we have observed that
each of these longitudinal modes is actually a cluster of several spatial modes (partially
visible in Fig. 3a).

Successful injection locking can be achieved when the external light from the master
laser (k ) is nearly resonant with and matched into one of the resonant modes of a single
channel St the slave laser array (k s). This requires

2ke Lcos s = 2nje (1)

where j is an integer, L is the channel length, and Snell's law relates the internal angle
0 to tRe angle 0 between the external beam and the channel axis. For the free-running
array, the individual channel resonance condition is 2k sL = 2xj s where js is an Integer
near j e Subtracting this from Eq. 1, we find

cos6 = I + Ak/ke + Aj/2nL (2)

where Ak k - k is the detuning between the injected light and that of the free-running
array, A is tRe fr~e space wavelength, and j j -j is a small (negative) Integer. We
find that injection locking is best for detuni~g Bf ~30 GHz so that Ak/k - 8x10- , and we
attribute this to a change of the index of refraction caused b carrier depletion when the
slave laser array is strongly driven by the master laser light

We have made many quantitative measurements of the spatial patterns shown in Figs. 4
and 5 in order to compare with Eq. 2. Although most previous workers have only reported
the injection locking peak corresponding to j=1, we have measured the angles and angular
steering for several different values of j (secondary peaks of Fig. 5). Fig. 6 s9ows our
measured values of 0 along with those calculated from Eq. 2 with Ak/k = 8x10 for the
first eight values of J. The agreement is quite good. Note that the angles for destruc-
tive interference arising from the n/2 phase difference between ajacent laser channels
10 ym apart at A = 780 nm are 0, 4.47 , 8.97 , 13.53 °

, and 18.170, which fall between Jh@
values of Fig. 6. Although other workers have seen the effects of these interferences-'
they do not affect our measurements.

*I  C
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Fig. 5. (5a) shows the spatial pattern when injection

locking is achieved with only spherical optics, thereby
exciting several smaller peaks. When a cylindrical lens I2

is used to focus the light better onto a single channel,
these peaks may be individually selected by changing

angles (5b). Fig. 6. Measured (triangles)
and calculated (circles) values
of 8e vs J. Eq. 2 Is used direc-
tly with no free parameters.
Obviously a small shift of the
refractive index would largely
remove the systematic differences.
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Also, we have changed k by varying the current of the mas- 12 ANGLE(DEGREES)
ter a~er and have observed tie resulting angular steering of the
beam ' for various values of j. 2Differentiation of Eq. 2 with
respect to k using dk/dA = -2nn'/A and the small angle approx- 11
imation gives

dO IdA -nn'/AO = -(n'L)4(n/A 3jL) (3) t0

which is different from the result found in Ref. 6 by the inclu- - a3
sion of the dispersion. The lines plotted with the data in
Fig. 7 have slopes given by Eq. 3, and these slopes are compared
with values given by a linear least squares fit to the data in
Table I. The agreement is clearly excellent. Also, when we 8
change the slave laser current by AI , just enough to cancel the J-
angular shift caused by a change in he master laser current Al
we find that a plot of AI vs. AI is very nearly a straight 7-
line. m s

Using the measured value of d9 IdA and n' = 4.72 from the 6

mode spacing as determined above, we find from Eq. 3 the index of
refraction for each J. The average of these is n = 3.02 ± 0.20.
Then E(dn/dE) = -A(dn/dA) =31.7 which can be 1 ompared with the 5
data of Casey et al. and Afromowitz . We find that
dn/dE = 1.06 at E = 1.6 eV (A=780 nm, the Rb resonance line) fits 4
their data very well for a value of Al concentration of about 20% J-1
for the uninjected materiVl (injection of carriers changes the
index and its dispersion ). This Al concentration is consistent 3 I -1
with the manufacturing processes of the diode laser arrays. 0 25 50 75

Fig. 7. Angular tuning of the main peak and three of the 
DETUNING GHZ)

secondary peaks when changing the master laser frequency.
The solid lines come from Eq. 3 with no adjustable para-

meters except for a tuning offset. Measurement errors are
approximately the size of the symbols.

IV. ATOMIC BEAM COLLIMATION

Recent experiments on optical control of atomic motion have included collimation and
focusing of atomic beams, and in some cases, brightness increases as well. Such compres-
sion of a beam's phase space volume is possible because of the velocity dependence of the
non-conservative optical forces. The original idea of damping atomic motion by optical
molasses arises from different Doppler shifts of the counterpropagating laser beams seen by
the moving atom. A calculation of the cooling and heating of this process yields the
Doppler limit for two level atoms, expressed as a temperature TD = h-r/ 2kB associated with
the transverse kinetic energy.

The resulting reduction of phase space volume can produce a beam of unprecedented
brightness: its spatial extent can be extremely small, and all the atomic velocities can
be nearly equal in both magnitude and direction. Such a beam can enable extraordinary sen-
sitivity for new experiments as well as enormous improvements on old ones, such as atomic
clocks and well-defined collision experiments. This enhancement could be increased by
several orders of magnitude if the transverse cooling could produce temperatures below T *
Atoms in a laser decelerated beam can be actively collimated, then focus3ed to a spot wiqh
either a laser or magnetic lens, and finally recollimated (see Fig. 8).

We have discovered a new cooling process that uses an applied magnetic field to mix
differently light-shifted atomic ground state sublevels and We have used this method for
optical collimation of a Rb atomic beam to well below the Doppler limit 5,16

The cooling depends on the different light shifts (ac Stark shift) of the ground state
magnetic sublevels caused by the different couplings with the light. Light tuned below
resonance causes a negative light shift for the ground state sublevels and optically pumps
atoms to the lowest sublevel. Atoms absorb light with lower frequency than they fluoresce,
thus losing energy.

To sustain the cooling process, atoms must be redistributed among the sublevels when
the light shifts are smaller or reversed, and this is accomplished by a transverse magnetic
field that mixes the ground state sublevels. For light tuned below resonance, atoms
travelling across the standing wave will be optically pumped to the lowest energy sublevel
near an antinode, and redistributed among the higher sublevels near a node by Larmor pre-
cession. Travel across the next antinode repeats the process and extracts energy from the
atoms, thereby damping their motion.
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We use a thermal beam of natural Rb produced by an oven at T - 150 UC with
aperture - 0.33 mm diam., and a defining aperture of diam. - 0.33 mm about 24 cm away (see
Fig. 9). The emerging atoms are optically collimated by a pair of counterpropagating laser
beams transverse to their motion. Both the atomic beam and the circularly polarized laser
beams are horizontal, and a weak magnetic field (typically vertical) is applied perpendicu-
lar to the laser beam axis. The atomic beam profile is measured with a vertically oriented
scanning hot tungsten wire, 25 pm in diameter, 1.3 m away from the region of interaction
with the laser beam. It ionizes virtually every Rb atom that hits it so that the detected
ion current is a measure of the vertically integrated beam profile.

OPTICAL OPTICALI I ARTU -AL SANNABLE
MOLASSES JMOLASSES{[VN,0 O~A NTWR

VERY E T I ] ~ ______ATOMIC BEAM 130

LASER OR DISTANCES IN CM
MAGNETIC LENS

Fig. 9. Overall schematic of the

Fig. 8. Scheme for laser collimation of atomic apparatus used for one-dimensional

beam. First the transverse velocity components transverse cooling.

of the atoms are damped out by an optical
molasses, then the atoms are focussed to a spot,
and finally the atoms are recollimated by a

second optical molasses.

The laser light is tuned near the 5Sl/2(F =3) .5P12(F e= 4) cycling transition of 85Rb
at 2 = 780 nm. The atomic and laser beam rosg perpendlbular, so the Doppler shifts are
small, and the laser frequency is calibrated with a saturated absorption signal from an
auxilliary Rb cell at room temperature. The total power at the interaction region is about
21 mW, apertured to a rectangular shape 8 mm high by 20 mm along the atomic beam. This
laser beam crosses the atomic beam at a right angle, and is retroreflected to form the
standing wave for collimation.

Figure 10 shows the result of hot wire scans across the atomic beam that has passed
through the circularly polarized laser beams tuned both above and below atomic resonance.
These curves show the transverse spatial distribution of atoms in the beam 1.3 m from the
molasses region.

V. TWO DIMENSIONAL COLLIMATION

Even a simple laser collimation effort, such as the first stage of Fig. 8 without the
atomic lens and recollimation, can significantly compress the momentum space volume occu-
pied by atoms in a beam. We have demonstrated such two-dimensional collimation with our
injection locked diode laser array15 .

For two dimensional collimation in the plane perpendicular to the atomic beam, a sin-
gle hot wire scan would not provide enough information. Instead of scanning both a verti-
cal and a horizontal hot wire, we have devised a new method for observing the spatial
distribution of atoms in the plane perpendicular to the beam. As shown in Fig 11 two dif-
ferent plane meshes are mounted in the beam, perpendicular to it. The downstream one is
heated to several hundred C and operates as a surface ionization detector much like the
hot wire. Ions emitted from the hot grid in the upstream direction are driven back through
its holes by the electric field produced by a voltage between it and the other (repeller)
grid. Once downstream of the hot grid, ions are accelerated into a pair of multichannel
plate (MCPs) electron multipliers in chevron configuration whose ouput electrons are ac-
celerated onto a phosphor coated screen which is viewed by a standard TV camera. The
camera's output is fed to a frame grabber in a computer where the image can be analyzed.

Most of the neutral Rb atoms in the beam pass through the repeller grid (90% tran-
sparent) where about 1/3 of them strike the hot grid (70% transparent) and are ionized.
Most of those ions are accelerated into the MCPs for detection. The repeller grid is im-
portant because ions ejected from the upstream surface of the hot grid (probably most of
them) do not see the electric field between it and the MCPs because of electrostatic
shielding by the hot grid's fine mesh (4 wires/mm).
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Fig. 10. Hot wire signal vs. position for
collimation by transverse optical molasses. Fig. 11. Schematic diagram of neutral atom
For these scans, the circularly polarized camera showing the repeller grid, the hot
laser beam had average saturatlon parameter grid, the multichannel plates, and the
s=3 (intensity -16 mW/cm ) and was tuned -19 phosphor screen.
MHz above (10c) and below (lOb) atomic
resonance. Trace (a) shows the no-laser scan.

The resolution of this system is limited to about 500 pm by the spatial spread of the
charged particles in flight between the hot grid and the MCPs, and between the MCPs and the
phosphor. We split off about half of the molasses laser beam to produce optical molasses
in both the vertical and horizontal directions, and thereby achieve full two dimensional
collimation of the atomic beam. Figure 12 shows the results of both red and blue tuning of
this experiment. Here both light beams were polarized perpendicular to the atomic beam
direction, and about 0.4 Gauss was applied along that direction (B-field and both polariza-
tion vectors were mutually perpendicular).

The collimated atomic beam spot size shown in Fig. 12 of about 1.25 mm diam has been
reduced from its 6 mm diam with the lasers blocked. This corresponds to an increase of
BOTH brightness AND intensity by a factor of more than 20. Furthermore, this increase
could be very much larger but limitations imposed by the resolution of the imaging system
may prevent its measurement. If this spot is 400 pm in diameter as suggested by Fig. 10,
the phase space yglume occupied by the atoms in two dimensions has been reduced by a factor
of more than 200

A B

Fig. 12. Image formed by the neutral atom camera of Fig. 11 with
two-dimensional molasses acting on the atomic beam. The outline
of the circular beam spot represents a 6#mm diameter image on the
phosphor. The 7 MW molasses laser beam was nearly uniformly in-
tense and rectangular, about 8 x 20 mm. Its detuning was about
-30 MHz for (A) and about +30 MHz for (B). Note the collimation
for the red detuning and the divergence for the blue detuning.
The recording time was 1/30 sec and no image averaging was used.
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In summary, we have used only 2 mW from a feedback-narrowed diode laser injected into
a 100 mW free-running array to dramatically narrow both its spectrum and beam divergence.

Injection of the input light beam collapses the spectrum into a single longitudinal mode

less than 300 kHz wide, 50-100 times stronger, and in a single spatial (transverse) mode

whose width is approximately diffractign limited for the array aperture. The output inten-
sity at other frequencies is almost 10 l9er. We have used the output light from this to

actively collimate an atomic beam of Rb with one-dimensional optical molasses to well

below the Doppler limit.

TABLE I

calculated measured
steering steering

1 -10.76 -11.32
2 -7.61 -7.55
3 -6.21 -6.22
4 -5.38 -5.14

Calculated values of dO IdA (degrees/nm) from Eq. 3 and values determined by linear
least squares fit to data plotted in Fig. 7.
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Abstract

Linearity and mode stability of laser diodes frequency swept via coherent and

incoherent techniques have been examined using time resolved spectroscopy. Resultant
information is used to make some inferences regarding laser diode selection and

frequency sweeping techniques for fiber optic sensors.

Introduction
The use of frequency ramped (chirped) optical sources has increased dramatically through their use in interferometric

heterodyne systems, fault location systems, and fiber sensor multiplexing 1 "3 . Laser diodes have proven to be the most widely

used chirped source do to the relative ease with which the diode's output frequency may be swept over a wide frequency range. The

frequency sweeping techniques tend to fall within two types: variation of the diode's bias current causing chirping of the output

field's carrier frequency; and, direct frequency modulation of the diode. The first technique is frequently referred to as a frequency

ramped continuous wave (FMCW) technique which usually, although not exclusively, relies on interferometric heterodyne

detection to recover the desired information. Applications of FMCW to fiber sensors and interferometric multiplexing have been

demonstrated by many researchers. Direct frequency modulation of the laser diode source has been used over the past two decades

for many varied fiber applications, ranging from information transfer] and fiber sensor interrogation to fault detection in optical
fibers (and related efforts). The direct frequency modulation systems have tended to use direct (incoherent) detection techniques.

In each case, noise arising from nonlinear frequency ramping of the diode, caused by mechanisms such as harmonic

distortions or current-induced temperature fluctuations, limits the performance of the sensor system. In particular, the performance

of a system employing the FMCW technique, with its associated heterodyne detection scheme, may be substantially degraded by

the high sensitivity of the laser diode's operating frequency to environmental temperature fluctuations (approximately 25 GHz/°C).

FMCW systems' performance is also plagued by 1/f and phase noise. In addition, the interferometric implementations of FMCW

tend to rely on sophisticated control systems to allow the system to perform optimally.

The implementation of direct frequency modulation of the diode and direct detection may drastically alleviate some of the

noise sources encountered in the interferometric FMCW system while significantly reducing the overall system complexity. This

decrease in system complexity is attained at the (usual) price of reduced system sensitivity. In addition the direct modulation

techniques require some form of electrical mixing of the detected signal (typically a backscattered signal which has been intensity
modulated) with the swept frequency RF source's signal waveform.
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The initial problem that must be confronted is the development of a chirped frequency source capable of operating under the
constraints just mentioned. Semiconductor laser diodes are the most attractive sources for this application due to their compact
size, operating wavelength, and relative ease with which they may be frequency swept. Since many proposed systems require a
frequency swept laser diode for the optical power source, this discussion will be confined to the study of this light source.

Figures of Merit
There are many parameters whose values influence the overall performance of any swept frequency sensor system. In order

to minimze overall recovered signal distortion, in this study, the linearity of the frequency sweep was deemed the most important
system parameter. Such nonlinearities can arise via many mechanisms, the two most attributable to the frequency sweeping itself

are, in the case of incoherent sweeping, linearity of the modulation signal that is AC coupled onto the laser diode, and in both
coherent and incoherent sweeping, the ability of the diode to remain in single longitudinal modal operation (avoiding mode hops
and/or mode competition) while the electrical or thermal sweep signal is applied to it. The second figure of merit is the "chirping

parameter",a=Ac/At, which tells how long it takes to sweep through some frequency range. Within the linearity constraint,
then, it is advantageous to choose the technique which will provide the largest chirping parameter.

Incoherent Frequency Sweeping
"Incoherent" frequency sweeping of a laser diode occurs when the laser bias current has electrically added to it a frequency

swept RF signal. The resultant light field's intensity is directly modulated, sinusoidally, at the instantaneous signal generator
frequency. The changing current also changes the carrier density in the laser, however, which alters the refractive index in the laser
waveguide and causes the output wavelength to vary slightly. When direct photodetection of this swept-frequency intensity-
modulated laser beam, which also has slight wavelength modulation occurring, is performed, the photodetector acts as a low-pass
electrical bandpass filter. The resultant electrical signal then only exhibits the RF swept frequency variation.

Coherent Frequency Sweeping
In the context presented in this paper, "coherent" frequency sweeping means direct modification of the laser diode's output

wavelength. This modification is achieved by directly manipulating some operating condition of the diode. There are two most
prevalent methods with which coherent frequency sweeping may be achieved: frequency variation via temperature control and
frequency variation via bias current control. Each technique will be individually addressed.

Frequency Variation via Temperature Control
One possible method for controlling a frequency sweep in a laser diode would be the modulation of the temperature of the

device. Varying the temperature changes the actual dimensions of the optical cavity which will alter the operating frequency of the
laser diode. More importantly, an increase in temperature will cause a change in the refractive index and the operating wavelength.

A change in the operating wavelength will also change the index of refraction creating a cascade effect described by equation (I)
where n represents the index of refraction, T is the temperature, and X is the wavelength.

dX = n 8T L(1)

dT91
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This wavelength variation manifests itself as a frequency variations via

df = cd_ (2)

The cause of the change in the index of refraction is due a change in the number of free carriers in the semiconductor. This
will change the apparent optical cavity length and therefore the operating frequency. Varying the temperature one degree celsius
alters the frequency in the range of tens of gigaHertz. While potentially capable of producing large frequency shifts, this plan is
limited by the necessity of fine temperature control of the diode itself, which in practice normally involves not just the diode but
its mounting flange and potentially any other thermally attached components. Such arrangements tend to have rather long thermal
time constants associated with them and as such are relatively slow to respond to temperature variations (i.e., At is on the order of
tens, if not hundreds, of milliseconds).
Frequency Variation via Current Bias Control

Control of the current bias to a laser source has been noted to cause significant variation in the output frequency.
Underlying this adjustment of the current bias is the control of temperature; an increase in current creates a greater number of
carriers increasing the number of collisions therefore causing the desired increase in temperature. Altering the current bias also
changes the injected carrier concentration. The additional electrons present, due to both increasing ter!,perature and current, will
also change the index of refraction inside the laser cavity, and result in a change in the apparent optical cavity length. The
temperature change also causes a change in the actual dimensions of the optical cavity; in turn, the net result is a change the
output frequency. The index of refraction is the principle component controlled by the modulation of the bias current and directly

responsible "or the output frequency change.6

System Complexity
As shown in the previous sections, the coherent sweeping techniques exhibit better performance than the direct modulation

scheme when compared using these figures of merit. It should be realized, though, that such potential increase in performance has
associated with a more complicated laser diode modulation/control scheme (as previously stated, the concomitant photodetection -
signal recovery process's complexity is not being addressed). In order to provide maximum frequency sweep range, Aw, the diode
should be temperature tuned so that its single mode output corresponds to one edge of the mode hop spectrum (e.g., the left edge).
Next, the bias current, Al, is varied in the prescribed amount to slew the output mode over to the other mode hop edge in the
shortest possible time (minimizing At). In the meantime, a temperature control servo system must maintain the diode's bulk
heatsink temperature at the predetermined value to minimize thermally induced variations in the output wavelength. The result is
a potentially complex servo-control system. For comparison, while the incoherent sweeping technique can benefit from these
temperature control control systems, their presence has not been required to demonstrate successful implementations in incoherent
swept frequency fiber systems (e.g., OFDR).

Measurements
Wavelength chirping measurements were performed using a computerized optical spectrometer - monochromator system

with CCD array photodetection. Signal processing of the spectral scans allowed wavelength variations of 0.007 nm to be
measured. A laser diode bias current supply was also under computer control and allowed bias current of 0-100 mA to be applied
to the diode. With both instruments' operation coordinated by the computer, the measurement procedure became: apply a bias
current to the diode; read the spectrometer-CCD spectral scan data; change the diode bias current; read another spectral scan; etc.
This time-resolved spectroscopy format allowed time-evolution intensity wavelength measurements to be made of the Hitachi
HL8314e and Sharp LT015md diodes to be made. Figures 1 and 2 show typical scans of the diodes coherent frequency sweeping

916



performance. In reference to Figure 1, a current ramp varying from 10 to 60 mA (below lasing threshold to 1.5 times the

threshold current) was applied as a ramp with total elapsed time of 3 seconds. As is evident from the Figure, it is readily

observedthat the device switches from a broad band spontaneous emmitter to a narrow band emitter as the diode is brought through

the lasing threshold current. Wavelength data is shown along the Pixel Number axis with each pixel cooresponding to a 0.007

nm wavelength difference. Figure 2 shows the similar below and above threshold performance of the Sharp laser diode as it is

ramped through its own current values (the peak current was chosen such that each laser was emitting a 15 mW beam). Figure 3

illustraets the devices' mode stability performance as a constant current temperature ramp was applied to the diode. In each case

the current was held constant such that a 15 mW output beam was emitted and the device's bulk heat sink temperature was varied

by 5 degrees C. The Sharp diode's mode competition (or instability) is quite apparent from Figure 3, graphically showing that

this diode's output exhibits considerable power fluctuations and nonlinearity swept frequency response (not good). In contrast, the

Hitachi diode exhibited rather discrete mode hops across the temperature ramp with minimal power variation in each mode. In

addition, this graph indicates that the Hitachi diode may be subjected to a temperature variation without being quite as susceptible

to mode hops (frequency nonlinearities) - an attribute when designing an overall frequency swept system since it therefore

minimizes the temperature control constraints for the diode.

In a similar fashion, incoherent sweeping experiments showed that the device's linearity performance is not constrained by

the diode but more by the RF sweep generator (within optical modulation depth limitations, in this case never more than 5% of

the total output power).

Summary

An overall comparison of the two sweeping techniques is shown in Table 1. Based on that information constant current

with temperature tuning is a cheaper alternative to both current ramping and RF modulation, but current ramping provides better

linearity control and overall performance. Incoherent frequency sweeping rates tend to be limited by the RF sweep generators not

the diodes. As such the user can count on paying significantly for a higher frequency slew rate and increased linearity while not

being able to achieve the chirping rates attainable by current bias/ temperature modulation techniques. As an additional

information point, it was found that the Hitachi HL8314e diode exhibited greater mode stability and significantly lower power

fluctuation levels than the comparable Sharp LT015md.
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Table 1. Laser diode frequency sweeping techniques comparison.

Temperature Modulation Current Bias Modulation RF Modulation

Equipment Requirements constant cooling source and precisely controlled variable s w e e p g e n e r a t o r

a controlled coolinf, procedure current source and cooling supporting hardware

Theroetical Principle increase in the intrinsic carrier direct change in carrier carrier signal to

(primary effect) concentration causes apparent concentration changes the modulate frequency

optical cavity size change optical cavity length

(rational) cavity refractive index shift cavity refractive index shift

(secondary effect) physical change of the cavity temperature modulation effect

dimension also present

Frequency Sweep approx. 60 GHz approx. 60 GHz (potentially approx. 500 MHz

(range, rate) 100 Hz/ns much faster) 25 Hz/ns

Cost/Performance cheapest alternative with much cheaper than RF mod most expensive,cost

improved performance over with at least 4 times faster dictated by sweep

RF modulation sweep rate generator
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Abstract

The pulses of a mode-locked diode laser often undergo a change in the instantaneous optical frequency
during the duration of the pulse. Although this chirp of the optical frequency is a general characteristic of
mode locked lasers, it is perhaps more complicated to study it in the case of the diode laser. The necessary
coupled external cavity causes more structure In the cavitv loss curve and hence a more complicated variation
in mode amplitudes versus frequency. Furthermore, the variation of drive current used to modulate the diode
gain necessarily modulates the diode dispersion also. Thus, there is, in effect, simultaneous amplitude and
frequency modulation mode coupling. The overall effect is a more complicated dependence of chirp upon the

laser parameters. This paper presents a norlinear frenuency-domain study of the mode coupling in the diode
laser which includes the pulsation of dispersion as well as gain. The resulting mode amplitudes and phases
are used to determine the instantaneous optical frequency during the duration of the pulse. The analysis

makes no pre- determined assumption of pulse shape and thus is more general than existing analyses of

mode-locked laser chirp.

Introduction

The mode-locked diode laser promises to become anIexcellent source of a train of extremely short pulses
for use in future optical fiber communication systems. A convenient method of producing the mode locking is
by modulating the drive current to produce a pulsation of the diode gain; however, this leads to gain-induced

variations in the laser refractive index. The resulting chirping of the mode-locked pulses can affect the
communction system as does the chirping of a direct-current-modulated single-longitudinal mode diode
laser. '

Previous studies of the chirping of a mode-locked laser pulse have followed the technique
4
'
5 

in which the
laser pulse is followed as it passes through the laser cavity and mode locker. This technique assumes a
gaussian-shaped pulse and is not suited to a wide range of operating conditions. A coupled-mode analysis in
the frequency domain, using numerical so ution of the resulting nonlinear differential equations, makes no

predetermined assumption of pulse shape. In general, the relative mode phases are not ideal, the pulse is
not as short as would be the case if transform-limited, and the optical frequency of the output pulse is
chirped. UsIng Fourie5 Transform techniques, the chirp can be calculated from the numerically determined mode
amplitudes and phases.

The Coupled-Mode Equations

The basic coupled-mode equations are those developed by McDuff and Thati.
6
'
8  

In the analysis, the
complete optical field in the cavity is written as the summation of the axial modes

E(z,t) = E Fn(t) coS[vt + On(t)] Un(Z) (1)
n

where E(z,t) is the total cavity electric field, E (t) and n (t) are the slowly time varying amplitude and

phase of the nth mode, v is the radian frequency of the nthnmode, and Un(Z) gives the spatial variation of
the nth mode. U n(z) is iven by

0

U (z) = sin(n + n) zz/L (2)
0 0

where L is the length of the cavity and n is the number of spatial variations of some central mode which has
heen chosen to he the mode whose frequenc? is closest to the center of the atomic fluorescence lines. The

modulatinrg drive signal affects the driving polarization of the nth mode. Here it varvs the susceptibility of
the atomic medium whereas In loss and phase modulation it affects the susceptibility of the modulator. The

effects of the diode modulation can be Included by assuming that the optical susceptibility is a time varying

quantitv at radian frequency v., according to the equation

Y = (z) ( + cos V t) , (3)
m
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where in phasor form

X(z) = X'(z) -j X"(z) . (4)

Thus the atomic medium gain will depend upon the time varying quadrature component of atomic susceptibility

X"(Z,t) = X"(z) (1 + cos V t) (5)

and the medium phase shift will depend upon the in-phase component

x'(z,t) = X'(Z) cos V t . (6)

The constant part of X'(Z,t) has been neglected since it only affects the mode spacing and the value of "zero-

detuning" of the modulation frequency.

In order for the time variation of X' and X" to have a mode-coupling effect, the laser gain medium has to

extend over only a small fraction of the cavity length, preferably near one end, as required of a phase or
loss modulator when they are used to produce mode locking.

6
The resulting coupled-mode equations for homogeneous broadening 

are

(n- nt) En = * [gn+1 En+l sin(¢n+1 - n - n-En-i sin(a -n Cn-I)

-dn+ 1 En+ 1 COS( 1 - ) -dn_1 EnI cos($ - On-l] (7)

E I~ - F - c gFE cos( 1-E + - -[gn+ n~l n- - ( n
2L 6 2L n+1 c°(n+-n

) 
+ gn-1En-1 c°S( n -n1

)

En 2 Q n n 2L 8 En =2-8 [n+l En+l 1 ~ +

+ d n+ 1 En+ 1 sin( nl -n+1 ) - dn- 1 En -1 sin(on -t n) (8)

These equations are for sinusoidal variation of the pump (diode current). McDuff and Thati
6 

also give the
equations for the case when the pump waveshape is a short pulse having several harmoric components present at
multiples of v.

In equations (7) and (8) F and $ are the amplitude and phase respectively of the nth mode and the dotsn n
indicate time derivatives. The unsaturated gain coefficient for the nth mode (which varies with mode number n
according to the line shape function) is represented by g . The medium dispersion coupling effect upon the
nth mode is expressed by d which varies with mode number n according to the shape of the atomic dispersionn

curve. The saturated gain is g /$ where 6 is a saturation function which for homogeneous saturation is not a
function of n and carries no suBscript. Homogeneous saturation is assumed and the value of the saturation

function is given by

= 1 +C AV E E
2  

L(V) (9)
2 L n L n

which comes from the work of McDuff, Scott, and Taboada.
9  

In equation (9) the constant C is simply a satura-
tion parameter whose value can be selected to set a convenient scale for the optical field amplitude. g (vn
is the regular Lorentzian line shape function and AvL is the Lorentzian linewidth (usual FWHM value). The
detuning of the modulator frequency from the cold cavity mode spacing is written as Av, i.e.

Av = Rc/L - v (10)
m

and follows the sign convention of McDuff and Harris. 10,11 The Q of the nth cavity resonance seen by the nth
mode is denoted as Q and may depend upon n in a cyclic manner if an etalon or composite-cavity effect occurs.
In a simple cavity w~th no etalon or coupled-cavity effects, the 0 can be assumed independent of n.

The coupled-mode differential equations (7) and (8) were solved numerically using a Runge-Kutta numerical
integration procedure. The technique was to assume initial values of the mode amplitudes and phases and the
laser parameters and continue the integration until steady state was reached (all E = 0 and 0 equal either

to a gonstant independent of n or n = 0. The computer program usedlyas a modificaPion of thaP of McDuff and
Thati which was developed from thenearly work of Harris and McDuff. Due to the presence of a large number
of modes, the solution of the equations can require a lot of computer time. The availability of a Cray

X-MP/24 super computer made it possible to do this work.

Time-Domain Pulse

The results of the solution of equations (7) and (8) are the values of the mode amplitudes E and mode
phases *n (not time dependent). The resulting field In the time domain is then

E(t)Cos(0 t + e(t)) - E EnCOS{(lo + nvm)t + $n)
"  

(11)
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The frequency 0 is the arbitrarily chosen center frequency (chosen as atomic line-center frequency here) of

the E mode. 0
0

The time dependence of E(t) gives the pulse shape (or E2(t) gives the shape of the optical intensity
pulse) and the time derivative of 6(t) gives the instantaneous frequency departure from (I . If the derivative of
8(t) is constant, it means that the resulting pulse center optical frequency is not at the assumed line-center
value. If the time derivative of 6(t) varies, the departure from a constant value gives the change in instan-

taneous frequency, i.e. the chirp of the optical frequency of the pulse. Any constant component of 8(t) is of
no significance.

An ideal case is when tn = n0 (where € could be zero) and the F are summetrical about the n=O mode.
In that case, the resulting peak in the E(t)°pulse occurs at v t - -nand the derivative of 6(t) is zero (no
chirp). Conversely, if 4n departs from the form no there wilT be chirp of the output pulse. If the values
of Fn are not summetrical about n=0, there will he an offset of the average optical frequency from 0o"

Results

In the model it is possible to remove the effects of disperqion simply by making the d terms identically
n

zero in equations (7) in the no dispersion case and (8). Figure I shows the mode amplitudes and the resulting

pulse for zero detuning of the modulator in the no-dispersion case. The mode phase angles and the resulting
chirp are zero. This reference case had approximately 40 modes oscillating when modulated. The line shape
was Lorentzian and the line-center gain was equal to 4-times the loss at the peak of the pulsation cycle.
This and the other cases following assumed perfect homogeneous saturation; hence, without mode coupling (no

gain pulsation) only one mode oscillated (the one with the highest gain) and it quenched the others. Note

that the peak of the pulse occurs at v mt = 0 (the pulse passes through the diode at its gain peak).

It is not possible to have "exactly" zero detuning when the dispersion is included, due to the variation

of mode spacing as modes farther and farther away from line center are included. Figure 2 shows for approxi-
mate zero detuning the mode amplitudes and phases and the resulting pulse and chirp. Near line center the
mode phases in Figure 2(b) follow approximately the relation 6 n 0.02n which means then that the pulse peak
in Figure 2(c) occurs approximately at v t = -0.02. Therefore one could say that this case does not have
exactly zero detuning. In fact, as has Teen noted by many others, it is difficult to define what exactly is

the condition of zero detuning. One could define it here as the condition where the mode phases have 0 n - € .
a 0 near line center (meaning that the pulse occurs at v t = 0, i.e. in phase with the instantaneous peak of

the pulsating gain). We note that the frequency width oT the mode distribution and the pulse width in Figure
2 are essentially the same as for the dispersionless case in Figure 1. Although the chirp can be calculated,
it is.so small as to be of no practical importance (an instantaneous change in optical frequency of less than
lxlO of a mode spacing during the duration of the pulse as seen in Figure 2(d).

Figure_ shows the mode amplitudes and phases and the resulting pulse and chirp for a modulator detuning
of 9.2 x 10 of a mode spacing. As expected here the frequency width of the mode distribution is more narrow
and the pulse correspondingly wider. The 4n - tn-I are larger corresponding to a phase shift of the pulse
relative to the peak in the cosinusoidally varying gain. The chirp shown in Figure 3(d) actually varies
slowly from one pulse to the next. At a larger detuning, figure 4 shows the instantaneous frequency during

the pulses taken every 16,000th pulse (every 16,000th cycle of the modulator) near one point in time and then
every 16,000th pulse at a time t= 3 milliseconds (464,000 pulses) later. The change in the pulse shape due to
this chirp change is not noticeable. We note that the instantaneous frequency moves from one side of the
assumed line center frequency to the other side. This variation in optical frequency offset is = ±0.03 mode
spacing. This effect is similar (but much smalley)1 o that observed in a conventionally electro-optically
mode-locked laser when the modulator is detuned. An accompanying small side-to-side shift in the mode

amplitude distribution occurs.

The diode is likely to have an external cavity and hence coupled-cavity effects mav occur. Unexpected

etalon effects may also occur. Figure 5 shows the mode amplitudes, pulse shape and instantaneous frequency in
a case simulating the repetitive variation of cavity loss due to coupled-cavity or etalon effects. A simple
rectangular variation in cavity loss was taken. The minimum in the repetitive cavity loss was taken to be

centered about line center. The principal result is to reduce the number of modes oscillating and to cause
the mode distribution to be less Gaussian-like. Thus the pulse shape has side lobes with sharp minima in
between. At each minimum there is a spike in instantaneous frequency due to a 1800 reversal in instantaneous
phase as would be the case in the simple addition of two sinusoids. These spikes are shown in Figure 5(c).
In this case the center mode set extinguishes the possible sets on either side which would have gain greater
than loss.

In Figure 6 the case where the minimum in the repetitive loss curve is off of line center is shown. The

minimum on the n-positive side is one mode number closer to line center than that on the n-negative minimum
side. Furthermore, the loss is greater than gain outside the minima. Thus, the n-positive set of modes
extinguishes the n-negative set. Again, the number of oscillating modes is smaller but now the amplitudes are
not symmetrical about the center mode of the set. The pulse shape is similar to that in Figure 5 but the
pulse minima do not go to zero. The instantaneous optical frequency has an offset from line center roughly

equivalent to the offset of the center mode of the set. We note a lot of chirp at each pulse minimum between

side lobes hut not a spike in instantaneous frequency as was the case in Figure 5.
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In another set of conditions, not shown here, the loss minima were made exactly symmetrical with respect
to line center. Then, two Identical sets of modes oscillated, each producing its own pulse, and the two
pulses beat together to produce a multi-lobed overall pulse with many zero points and lobes. At each zero
point there was a spike in instantaneous frequency as noted above in Figure 5. Experimentally, it would not
be expected to be possible to have this exact symmetry.

Conclusions

This analysis technique gives a powerful tool for studying the dependence of the optical chirp of the
mode-locked pulse upon the various effects in a gain-modulated mode locked diode laser. The effects of the
cavity-coupling-induced equivalent loss variation can be included. It is not necessary to make any assump-
tions regarding pulse shape. From the results it is seen that optical frequency offset may occur and that any
effect that causes a non-bell-shaped mode distribution will cause large variations in the instantaneous

optical frequency.

Work is continuing to include inhomogeneous saturation and more realistic cyclic loss patterns.
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SUNLIGHT SUPPRESSION BY FRAUNHOFER-WAVELENGTH ATOMIC RESONANCE FILTERS*

Jerry A. Gelbwachs
Chemistry and Physics Laboratory

The Aerospace Corporation (M2/253)
P. 0. Box 92957

Los Angeles, California 90009

ABSTRACT

Sunlight represents a major source of interference to receivers
that detect weak visible wavelength laser signals in the daytime.
The atomic resonance filter provides powerful discrimination against
the solar background through othe reduction of the optical noise
bandwidth to the 0.1 - 0.01 A range. We discuss how sunlight sup-
pression techlogy can be improved by an additional one to two orders
of magnitude by the development of atomic filters matched to intense
Fraunhofer lines.

Introduction

Several important laser applications involve propagation of visible-wave-length laser
beams through space, the atmosphere, or underwater. These systems include submarine
communications, laser radar, lidar, and deep space communications. In many instances,
daytime operation is hampered by sunlight that masks the laser signal. Narrowband filters
can mitigate the problem. An exciting ultranarrowband technology that offers the potential
for improved sunlight suppression is the atomic resonance filter. Atomic filters are wide
field-of-view, large area, isotropic devices that exhibit 0.01-0.1 A passbands. We are
currently developing an important subset of atomic filters that takes sunlight rejection to
a new level. Compared to standard atomic filters these new filters can improve solar
background suppression by an additional one to two orders of magnitude. The dramatic
advancement in sunlight rejection arises by the development of atomic filters that are
exactly matched to intense Fraunhofer lines. We call this device the Fraunhofer-wavelength
atomic resonance filter.

Solar Background in Laser Receivers

The intrinsic brightness of laser sources make them natural choices for applications
involving transmission of optical energy over long distances. Sunlight represents a
formidable source of background noise in laseroreceivers. Shown in Figure 1 is the solar
spectral irradiance 2 in units of photons/cm 2 secF't.
The energy units of irradiance are usually expressed in Watts. We have chosen instead

units of photons because low-noise, sensitive photomultiplier tubes (PMTs) in the visible
spectral region count photons rather than measure incident energy. The solar photon
emission spectrum is quite broad and extends from 0.4 pm out past 1.0 pm. We notice th
in this spectral region the sun deposits on the earth's atmosphere approximately 10
photons/sec within an 1 A spectral width in a 1 cm2 area. In the visible spectrum
regiTn1 quantum-noise-limited PMTs are available with dark currents in the range of 1-10
sec . Thus, even encountering large attenuation factors associated with clouds and
water penetration, namely, l0 -0~ (10 psec pulses); or gated detection matched to
short-pulse laser operation (10 nsec), fluctuations in the sunlight photocurrent
constitutes the dominant noise source in daytime laser receivers.
Three filter technologies have been developed to reject sunlight. Each achieves its

objective by a reduction in the spectral width of the optical passband. They are
interference filters, polarizing filters, and atomic filters. Space limitations prevent
discussion of the principles of operation of each device. We shall only summarize their
performance. In Figure 2 we plot the passband of each filter as a function of aperture
diameter. The figure clearly illustrates that atomic filter technology offer significant
improvements in bandwidth reduction. Its advantage compared to the first two technologies
increases with filter aperture size. An additional feature of the atomic filter is that
its 2 7 field-of-view is independent of size and passband while the fields-of-view of
multilayer interference filters and polarizing filters rapidly drop to a few degrees as
their bandwidths become smaller.

*This work was supported by the Aerospace Sponsored Research Program.
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Atomic Resonance Filters

Atomic resonance filters perform ultranarrowband filtering utilizing sharp atomic
transitions. Typical Doppler-broadened visible linewidths are on the order of 0.01 A.
Photons in resonance with an atomic transition are absorbed by atoms contained in a vapor
cell. The atoms then reradiate at a wavelength sufficiently displaced from the absorption
wavelength to permit transmission of the emitted light and blocking of the incident
radiation by a conventional filter. Atomic filters operate at numer us discrete
wavelengths throughout the near UV, visible, and near IR spectral regio s.? Laboratory
experimentation on atomic filtering has been conducted on cesjum and rubidiuw
ground-sta e species, and optically-pumped transitions in rubidium, thallium-cesium,
potassium, and magnesium.8  A recent review article discusses the physics of these
devices.?

Sunlight Suppression at Fraunhofer Wavelengths

The next major advancement in the state-the-art of solar background rejection is due to a
natural phenomenon rather than to a new technological development. The phenomenon is the
existence of Fraunhofer lines: dark narrowband regions in the otherwise continuous solar
spectrum. These intense minima, or dips, arise due to the absorption by metallic elements
in the outer, cooler layers of the sun. The lines were first observed by Joseph von
Fraunhofer in 1814 and they have been well-s~udied by astronomers in the ensuing years.
Detailed solar atlases have been compiled. Copious Fraunhofer lines appear at
wavelengths below 460 nm due to the rich absorption spectra of iron and Ockel. The
most intense Fraunhofer lines in the visible spectrum are listed in Table I. They are
typically 0.1-0.3 A wide.

We note that one to two order of magnitude reduction in the solar back-ground occurs at
several of these wavelengths. Thus, additional reduction in sunlight is available by
operation at intense Fraunhofer wavelengths. Fraunhofer background reduction is an
intrinsic part of the solar spectrum and therefore it can be used in conjunction with any
narrowband filter technology. Naturally, the maximum advantage occurs with filter
passbands less than 0.1 A. As the passband increases, more of the wings of Fraunhofer line
is transmitted and the solar rejection diminishes. Little benefit is gained for passbands
larger than 1 A.

In a recent article, Kerr discusses the use of an advanced ultranarrowband filter
composed of a multilayer dielectric interference fij er and a Fabry-Perot etalon tuned to
Fraunhofer lines for interplanetary communications. He estimates that a 40% background
reduction can be realized when the deep space transmitter is a frequency-doubled Nd:YAG
laser. High-efficiency tunable solidstate lasers are available throughout the 0.4 - 1.0 Pm
region. These sources can be tuned to the center of the intense Fraunhofer lines thereby
realizing the sunlight attenuation values listed in the last column of Table I.

TABLE I. THE STRONG VISIBLE FRAUNHOFER LINES*

Wavelength Minimum
Designation Origin Solar Transmission

4045.825 Fe 1 2

4101.748 h, H6 H I 19

4226.740 g Ca I 2.4

4340.475 G',H y H I 17

4383.557 d Fe I 3

4861.342 F, Hfl H I 14

5167.327 b4  Mg I 12

5172.698 b2  Mg I 8

5183.619 bI  Mg I 7

5889.973 D2  Na 1 4.2

5895.940 D1  Na I 4.8

6562.808 C, Hu H I 16

C. W. Allen, Astrophysical Ouantities (Athlone, London 1973), p. 168.
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Fraunhofer-Wavelength Atomic Resonance Filters

The development of Fraunhofer-wavelerigth atomic resonance filters is motivated by the
desire to exploit the natural sunlight reduction that occurs at intense Fraunhofer lines.
Owing to their narrow spectral bandwidth and extremely sharp width of atomic transitions,
it is highly improbable that an exact overlap between a Fraunhofer line and a random atomic
transition can be found. However, nature makes the search for atomic transitions that
overlap intens3 Fraunhofer lines rather easy. For any given Fraunhofer line one simply
selects for the filter medium the same atom which provides the Fraunhofer dip in the solar
atmosphere. Cosmology ensures this transition will be exactly matched to the Fraunhofer
dip. Furthermore, because Fraunhofer lines reflect a 5700 K solar temperature we are
assured that the atomic filter linewidth will be much less than the Fraunhofer width.
Hence, nature provides atomic transitions exactly matched to intense Fraunhofer dips from
which atomic filters may be constructed. All that is left for us to do is to levise clever
ways to efficiently extract wavelength-shifted emission after the filter atoms absorb
signal light at the Fraunhofer wavelength. Thus, the prospects for advancement of sunlight
suppression technology by the development of Fraunhofer-wavelength atomic resonance filters
appear highly favorable.

Two Fraunhofer-wavelength atomic resonance filters are currently under development; one
in green and the other in the deep-blue spectral region. Because Fraunhofer transitions
are strongly absorbing, active-wavelength shifting methods need to be employed to achieve
high efficiency for conversion of absorbed signal light into wavelength-shifted
emission. The metastable magnesium resonance filter operates at three intense
Fraunhofer wavelengths near 518 nm.-- This filter converts green light into easily
detectable 383 nm emission with a maximum theoretical efficiency of 87%. Fifty per cent
conversion was measured recently in initial experiments performed under unoptimized
conditions.8  Other filter properties are a 10 nsec response time, low pump power
requirements, and low noise operation.
The cglcium resonance filteri matches the g Fraunhofer line at 422.7 nm. The solar

spectrum in the vicinity of 423 nm is shown in Figure 3. At the Fraunhofer dip minimum
the solar transmission is 2.4% of the continuum value. The calcium resonance filter
converts deep blue light into easily detectable 272 nm emission with a maximum theoretical
efficiency of 95%. Other filter properties are a 20 nsec response time, low pump power
requirements, and low noise opera on. Both filters operate at 3000 C, and their
bandwidths can be pressure broadened.

0.8-

Z 0.6
0

0.4z
a:

0.2-

01
422.6 422.7 422.8

WAVELENGTH (nm)

Figure 3. Solar Spectrum Near The g Fraunhofer Line.
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In Table II we compare the solar background rejection gf the Fraunhofer-wavelength atomic
resonance filters with the canonical cesium filter.' The latter device has undergone
extensive investigation over the past decade. The successful development of the cesiuz
filter proved that atomic transitions can form the basis of wide field-of-view, large
aperture, ultranarrowband filters. Its wavelength does not coincide with a Fraunhofer
line. Table II clearly illustrates that Fraunhofer-wavelength atomic resonance filters can
provide one to two orders of magnitude improvement in solar background suppression compared
to standard atomic filters.

TABLE 2. SOLAR BACKGROUND REJECTION OF SELECT ATOMIC FILTERS

Passive Metastable Calcium
Cesium Magnesium Resonance

Signal Wavelength (nm) 456,459 516,517,518 423

Fraunhofer Advantage N/A 10 40

Background Channels 4 3 1

Total Noise Bandwidth 0.12 A(a) 0.06 A(b) 0.012 A(b)

Relative Solar 1 20 400
Background Reduction
Compared to Cesium

(a) NOSC TR 1291 (April 1989) (b) Doppler width at 300 0 C

Future Directions

The linewidths of atomic systems can be taken to sub-Doppler limits by a variety of
methods. Hence, ultranarrowband technology based upon atomic systems can progress to
passbands much less than 0.01 A. However, applications requiring such narrow bandwidths
have not emerged to support further development. Naturally, the passband of a narrowband
filter should never fall below the transmitter optical bandwidth in order to preserve
signal-to-noise-ratio. Factors that determine the minimum spectral width of the received
laser pulse incluee transmitter frequency stability, dopple- shifts, short-pulse transform
limits, and high information rates. It is interesting to note that in many of the
applications previously discussed, namely, underwater communications, lidar, laser radar,
and deep space communications, the spectral width of the received signal is approximately
0.01 A. Thus, until new applications emerge it appears unlikely that ultranarrowband
optical receiver technology will advance beyond 0.01 A.
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Abstract

Atomic Line Filters based on resonant absorption and wavelength converted fluorescence consist of an atomic
vapor cell in which this wavelength conversion can take place sandwiched between color glass filters which in
combination block all unconverted light. In a class of filters described here, the incoming signal radiation to be
detected is absorbed on the strongest resonance transition in an alkali metal atom, the excited atom is excited to a
higher level by a pump laser, and cascade fluorescence results in upconverted photons which are collected on a
photosensitive surface. Since the fundamental alkali transitions have high absorption cross-sections of order 10-11
cm 2, it is possible to absorb the signal photons in a very thin vapor cell (100 lgm) at reasonable temperatures (100-
150'C). By focussing the incoming signal on the thin layer of atomic vapor, and refocussing the upconverted
fluorescence on a two-dimensional detector such as a microchannel plate intensifier, directional image information
contained in the original signal can be preserved. A spatial resolution of better than 300 tm in the vapor plane of
an atomic line filter based on rubidium has been achieved. The 780 nm signal (5s,/2 - 5 P3/2) and 741 nm pump

(5P3P2 - 7Sl/2) wavelengths were both provided by semiconductor lasers, and the upconverted fluorescence was at
420 nm (6p - 5s). High fidelity, multichannel digital data transfer through the atomic line filter at faster than 500
kbits/sec has also been demonstrated.

Introduction

Atomic Line Filters (ALF's), also referred to as Atomic Resonance Filters, are attractive substitutes for
conventional interference filters in many optical systems because of their narrow bandwidth (-.002 nm) and wide
FOV (-2tsr). A comprehensive review of much past work in the area is given by Gelbwachs'. The concentration
of work on these filters has been for applications to submarine laser communication, and thus most of the filters
studied have been for wavelengths in the blue-green part of the spectrum. In particular, Marling et al.2 and others
have studied and developed a passive cesi,: -n filter at 455 or 459 nm involving an absorption out of the ground

state, and Gelbwachs et al. 3 (magnesium Fraunhoffer line), Shay et al. 4 (rubidium), and Liu et al.5 (thallium) have
studied filters where the signal is absorbed by previously excited atoms. By relaxing the requirement of matching
a wavelength in the blue-green part of the spectrum, we have been able to make a filter with low noise (because the
signal transition is out of the ground state) matching the wavelength of readily available semiconductor lasers, and
having the ability to preserve imaging information. The advantages of using an image preserving atomic line filter
for background limited signal detection applications, along with the operational principles, experimental results,
and expected performance of a rubidium ALF are discussed in the following paragraphs.

For many applications involving detection of scattered light from a laser illuminated object, the primary
detriment to detectability is not a lack of scattered laser photons (causing insufficient detector response) but rather
an overwhelming amount of background scattered solar radiation. In such situations, the ability of the detection
system to filter out the background light can become more important than the detector sensitivity. In Figure 1, the
number of background photons per microsecond (chosen to match the time response of the ALF) collected by a 0.1
m 2 receiver is plotted against the full angle field of view of the receiver system. In one case an interference filter
with a bandwidth of 2 nm is shown, while in the other comparison is made to a rubidium ALF with a bandwidth of

0.002 nm. The assumed background radiance level is 0.02 W/m 2 .nm'sr. For an object only subtending a small
fraction of the total field of view, the narrower bandwidth atomic line filter will allow a much larger field of view
to be imaged with the same signal to background ratio. (The signal to background is also enhanced in each case
because the signal falls on a small part of the imaged area, while the background is distributed more or less
uniformly). The ability to image i larger field of view with the ALF enhances the speed and effectiveness of target
acquisition.
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Figure 1. Background light photons collected in I ps by a 0.1 m
2 telescope using

an interference filter (A), = 2 nm) or a rubidium ALF (Ak = 0.(X)2 nm) vs. receiver
FOV. A background radiance at 790 nm of 0.02 W/nmnm-sr was assumed.

Operational Principle

The operating principles of an image preserving atomic line filter based on rubidium can be understood by
reference to Figure 2. Light containing both the signal to be detected (tuned to the 5s-5p transition wavelength of
780 nm) and background noise is incident from the top of the figure. This light first passes through a color glass
filter which allows infrared wavelengths to be transmitted, but which blocks visible wavelengths. The remaining
infrared background light and the infrared signal are imaged onto a thin layer of rubidium in a glass cell. The
rubidium density is high enough that more than 80% of the signal photons are absorbed (along with background
light within the Doppler limited bandwidth of the rubidium transition at 780 nm), while any light not matching the
rubidium resonance wavelength passes through the cell. The atoms which have absorbed a signal photon at 780 nm
are further excited by a pump laser incident from the sidewalls of the cell which is tuned to the 5p-7s transition at
741 nm (which also matches a semiconductor diode laser). Cascade radiation from the 7s level results in
fluorescence at 420 and 421 nm, which is radiated in all directions. The blue fluorescence which comes out of the
bottom of the cell constitutes the upconverted (energy) signal. This fluorescence, along with the remaining
infrared background noise, is incident on a color glass filter which transmits the blue fluorescence photons, but
blocks all of the remaining background infrared light. The upconverted blue fluorescence is then detected with a
high quantum efficiency detector. Since the only light detected is that which was absorbed and then upconverted in
the rubidium cell, the filter has a light acceptance bandwidth determined by the 5s-5p transition linewidth. In the
Doppler limited case for a cell at 150'C, this linewidth is about 600 MHz or 0.001 rim, and the signal light should
be made to fall within this bandwidth. The noise bandwidth is actually a factor of two higher because 85Rb has two
well resolved hyperfine transitions separated by 3 GHz. (Rubidium has two naturally occurring isotopes of
abundance 72% 85Rb and 28% 87Rb, but isotopically pure rubidium is available).

FILTER 1 TRANSMISSION INCOMING SIGNAL 780 nm

1(IMAGED ON Rb CELL)
BACK -LIGHT GROUND SIGNAL

INTENSITY

A 780 nm

SEMICONDUCTOR- FILTER 1 1780 m)
DIODE LASER (741 nm) 

8

CYLINDRICAL - -. 40n
LENS ' Rb

FILTER 2 TRANSMISSION CELL

FILTER 2

0 18 -LENS (420 nm

DETECTOR

Figure 2. Operational principles of an image preserving atomic line filter
using rubidium. Only incoming IR signal tuned to resonance and

upconverted to blue fluorescence is reimaged onto the detector array.
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At a temperature of I 10'C the rubidium vapor reaches an atomic density of 101 3/cm 3 . At this density the
absorption depth for incoming signal photons at 7M0 nm is less than 0.01 cm. Thus, all of the signal photons can be
absorbed in a very thin cell, even at this reasonable temperature. Because of this, it is possible to preserve imaging
information, a necessary function of a detector which is to be used for directional detection. Image information is
drcse-ved because fluore.cence takes place trom the same location where the signal was absorbed. If the blue
fluorescence is reimaged onto a microchannel plate image intensifier, this positional information can be preserved.
The amount of resolution blurring depends on the thickness of the rubidium layer, and the f number of the
reimaging optics. For a cell with thickness 100gi, a resolution of 100[t is possible even with very low f number,
high efficiency optics. Thus, a 100 x 100 pixel image can be preserved with a 1 cm by 1 cm cell. Because of
collisions of the atoms with the walls, the conversion efficiency starts to drop for cells much thinner than 100g.
Our image preserving scheme is similar to one proposed by Gelbwachs et al. 6 which was based on a filter using
excited state absorption in an image plane defined by the pump laser.

Figure 3 shows all of the rubidium energy levels and transitions relevant to the image preserving ALF. Cross
sections and branching ratios for the various transitions, which were derived from accurate oscillator strengths 7,
are also shown. (These cross sections are computed ignoring the hyperfine structure.) For the calculations, a
Doppler limited linewidth was assumed. These data can be used to estimate the absorption characteristics, the time
response, and the fluorescence conversion efficiency of the atomic line filter at a given temperature. In addition,
the time response and efficiency are influenced by radiation trapping of the ground state transition photons at 780
nm. The longer the radiation can be trapped, the higher the conversion efficiency (and the slower the time
response).

The absorption depth d for the signal or detected photons can be calculated as d=l/(YN where (r is the tabulated
absorption cross-section (decreased by the ratio of the signal bandwidth to the 0.015 cm- 1 Doppler width if
necessary) and N is the atomic density. For instance, at 130 0C, NRb = 2.9 x 1013 cm 3 , 0.72x7/12 of which is in

the 85 Rb hyperfine level with F=3. Then the absorption depth d = 1/aN = l/(2.9x10 1 lcm 2 x 0.72 x 7/12 x
2.9x10 1 3cm -3 ) = 2.8x10 -3 cm. Thus, a narrowband signal on resonance will be 97% absorbed in a 0.01 cm thick
cell. On the other hand, the absorption depth for the upconverted fluorescence at 455 nm is 0.36 cm, so that very
little of it is reabsorbed after being emitted. An absorption spectrum for the rubidium 5Sl/2 to 5 P3/2 transitions at

780 nm is shown in figure 4. The four different transitions (measured in absorption while tuning a single mode
diode laser by changing its drive current) occur because there are two isotopes, each with two resolvable hyperfine
transitions.

33,691 --------------------------------------------------------
(LIMIT)

30.000

7sj, 2

"(90 fl) 21 1% 13% 25%

- 20.000 4d'7 n) 34 66 740.82 m (8 ns34 6%

E LM

420.1 DOPPLER LIMITEDz TRANSITION ABSORPTION CROSS-4SECTION 
(cm2 )

s J .... J 5 l/2 ' 5 l/2 1.45 X 10
1 1

10.000 - 1 5 /

5slV2 --> 5p 3/2  2.88x 1011
794.76 n ,,5sV 2 -*6p,12  8.63 x 10"14

70.03 nm -6p 3 2  2.27 x 10 1 3

TRANSMITTED5p 2 -7S 7.32x10
,| SGNAL 11, 2 -1 13

5P3/2 - 7S 1/2 7.32 x 10

Figure 3. Energy levels of rubidium relevant to ALF operation showing lifetimes,
branching ratios and Doppler limited absorption cross sections (at 150'C
ignoring hyperfine structure)
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Time Response

The pump power requirement can be calculated roughly as follows. Since the 7s lifetime is 90 ns, and in
pumping equilibrium with the 5P3/2 state only 1/3 of the population can be in the upper level, it should be adequate
to pump 1/3 of the population every 90 ns (provided that the optically trapped lifetime of the 6p state is at least this
long). The transition rate is W = aNph, where Nph is the number of pump photons/cm 2/s hitting the excited
rubidium atoms. A transition rate of W=3.7xl0 6/s corresponds to a pump intensity of 1.4 W/cm 2 at 741 nm. For
a 1 cm x 0.01 cm cross-sectional area for pumping, this corresponds to a pump power of 14 mW, a level easily
achieved with single mode semiconductor diode lasers.

At the center of a thick cell, the optically trapped lifetime for a 780 nm photon in rubidium can be much larger
than a microsecond. Random walk calculations show that for a resonant photon absorbed after entering the face of
a cell, however, the trapped lifetime will only increase to about 250 ns from its natural lifetime of 26 ns. This
lifetime can be increased by increasing the rubidium density and tuning the signal slightly off resonance (so that the
signal absorption depth will be longer than that of the resonance fluorescence), although at the price of increasing
the filter bandwidth. As the cell is made thinner and the vapor thickness approaches 0.01 cm, collisions of excited
atoms with the wall become the limiting factor on the lifetime. At 130 0C, the average velocity of a rubidium atom
in the direction of a cell wall is about 2.3x 104 cm/s and it traverses 0.005 cm in 215 ns. The collision results in the
atom sticking to the wall and losing its excitation to heat. It may be possible to make the collision more elastic by
coating the wall with parrafin or some other substance as is done in optical pumping experiments, but in any case
wall collisions will limit the minimum thickness of the cell (and thus the resolution of the ALF) to about 0.01 cm.

The time response of the system to a pulsed pump excitation is readily calculated as a bi-exponential decay from
the 7s and 6p levels, whose lifetimes sum to 210 ns. The conversion efficiency can be calculated from the
branching ratios in the figure to be (1/3) x (0.13x0.18 + 0.25x0.22) = 2.6% for this case. For a continuous pump,
the time response is lengthened, and the conversion efficiency is increased. The limiting values depend strongly on
the lifetime of the 780 nm resonantly trapped radiation in the cell. Although the conversion efficiency can in
principle be increased by using two pump lasers, one from each of the 5p states, the increase is probably not worth
the added complexity for a real system. Data from a time response measurement carried out for pulsed dye laser
excitation (in cesium rather than rubidium) is shown in Figure 5. In picture (a), blue fluorescence is collected with
only the pump laser present. Notice that there is no internal filter noise in this case. In picture (b), only the signal
laser is present. A few blue photons are seen here, and these go away if the signal laser is tuned off resonance.
This fluorescence is probably due to excitation caused by collisions between excited atoms, since it depends strongly
(more than a linear dependence) on the signal laser intensity. Since this fluorescence only occurs for a signal laser
tuned on resonance, it does not constitute noise to the system. Picture (c) shows the signal collected when both
lasers are allowed through the cell, clearly demonstrating operation of the ALF cell as an infrared to blue quantum
converter. The time response matches the predicted bi-exponential decay. (This time response was measured in a
cell of thickness 0.3 cm. It can become shortened due to quenching collisions with the cell walls for sufficiently
thin cells).
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(A) (B)

(C)

Figure 5. Time response measurement. Two pulsed dye lasers were used to measure
the conversion time response in cesium. Figure (a) is blue fluorescence
collected with pump laser alone, (b) with signal laser alone (on resonance)

and (c) with both lasers combined.

We have also measured the time response of a 0,02 cm thick rubidium ALF pumped by a cw diode laser.
Results of this experiment are shown in Figure 6 for a 500 ns signal (left) and a 1 microsecond signal (right). On
each oscilloscope photograph, the bottom trace shows a current pulse added to the dc current driving the signal
diode laser (which provides signal photons), the middle trace shows absorption of the diode laser through a
reference rubidium cell (the laser is on resonance and being absorbed during the downward dip), and the top trace
shows the output 420 nm fluorescence from the ALF monitored with a photomultiplier tube. The rise time here is
about 200 ns, while the fall time is about 400 ns. High fidelity data communication at about 500 kbit/sec was
achieved using this atomic line filter.

MIT

Figure 6. Time response of a cw diode laser pumped rubidium atomic line filter. From bottom to top,
the three traces on each photograph are the current pulse to the diode, rubidium reference

absorption, and ALF output.

Other Wavelengths

Other elements besides rubidium can also be used for image preserving atomic line filters. Table 1 lists the
wavelengths and appropriate lasers for ALF's based on ground state transitions in alkali metals. In particular, both
the potassium and rubidium signal wavelengths can be tuned to with an Alexandrite laser, in addition to
semiconductor lasers. The pump laser can be a semiconductor diode laser in each case, although the available
powers may not yet be high enough at the 691 nm potassium pump wavelcr,th.
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Signal Pump Fluorescence

ALF Wavelength Wavelength Wavelength Laser Systems

Li 671 nm 497 nm 323 nm Dye Lasers

Na 589/590 nm 616/615 rm 330 nm Dye Lasers

K 767f770 nm 694/691 nm 404/405 nm Alexandrite/Ti:Sapphire/
Semiconductor

Rb 780/795 nm 741/728 nm 420/422 rim Alexandrite/Ti:Sapphire/
Semiconductor

Cs 852/894 rim 794/761 nm 455/459 nm Ti:Sapphire/Semiconductor

Table 1. Alkali atomic line filters

Image Preservation

Demonstration of image preservation in a rubidium atomic line filter cell has been carried out using diode lasers
for the signal and pump beams and a rubidium cell with a vapor thickness of 0.02 cm. (Previous results using a
0.05 cm cesium cell and pulsed dye lasers were presented at SPIE's OE/LASE '89 conference 8). The experimental
apparatus is shown in Figure 7. The 780 nm signal diode laser was monitored in absorption through a reference
rubidium cell to keep it on resonance, while blue fluorescence was monitored with a PMT to keep the 741 rim
pump laser tuned properly. The lasers operated at power levels between 2 and 5 mW with bandwidths on the order
of 50 to 100 MHz (monitored with a 1GHz Free Spectral Range Fabry Perot interferometer). The pump laser was
expanded to a size of about 15mm and then focussed through the ALF cell with a cylindrical lens, making an active
imaging area of about 15mm x 15mm. The signal laser was scattered off of a patterned target towards the atomic
line filter. (The target was 2 m from the ALF, and retroreflective tape was used to enhance the weak return signal
for this preliminary experiment). The infrared return signal was imaged with a camera lens onto the ALF cell.
The subsequent blue fluorescence was reimaged with f/I optics onto a microchannel plate image intensifier. A
picture of the atomic line filter "camera" used is shown in figure 8. Note the small size of the ALF cell, and the
possibility of integrating components into a small package. For the data presented here, the CCD camera was
replaced with a 35 mm film camera, and pictures were taken of the image intensifier output.

FILTER TRANSMISSION
100% SCATTERED

FLUORESCENCE SIGNAL RETURN
PMT TARGET FRMTGE

0 300 500 700 900 BG97 /RG715

rubRbCELL
/ 

AL.BG39

93780nm 741 r~m

PHOTOOIOOE AL t IPMC

FEEDWAK TO CONTO WAEEGTH

Figure 7. Experimental geometry for image preservation experiment. Signal
scattered from a target was retmaged through a 0.02 cm thick

rubidium ALF.
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CCD CAMRA

Figure 8. Photograph of atomic line filter camera system.

Data from the imaging experiment are shown in Figure 9. For the picture on the left, the ALF cell was
removed and replaced with a screen, and (with the additional removal of the blue blocking/JR passing filter) low
levels of light were imaged through the rest of the optics onto the image intensifier. For the picture on the right,
the atomic line filter (operating at a temperature of about 150 degrees C) was used. There is not a great difference
in the resolution achieved with the two pictures, and the resolution may be limited by the 18 mm diameter MCP
image intensifier. The smallest features are a set of three vertical lines at the center of the image (which are clearly
resolvable in the original color prints). These lines have a width and spacing of 1 mm at the target, and are
reduced in size by the camera lens to 350 microns at the ALF. With further improvements, an ultimate imaging
resolution of 100 microns at the cell is expected.

(A) (B)

Figure 9. Image reproduction using ALF camera. Signal light was scattered from an

illuminated pattern 2 m in front of the camera. For Figure (a), the ALF was
replaced by a screen at the focal plane and the blue filter was removed. In
Figure (b). the 0.02 cm thick rubidium ALF cell was used. The smallest

feature size at the ALF is 350.,

Device Effici

The final issue to be discussed is device efficiency. Because the ALF is useful in situations where background
light levels are of over-riding concern, low detection efficiencies are not necessarily an issue, but it is still
necessary to have efficiencies above some limiting value, and it is desirable to have them as high as possible within
other system constraints. The ALF detection efficiency is most conveniently divided into four parts. The first of
these is the transmission efficiency through all of the optics, including the color glass filters. With appropriate
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coatings this can reach 90%. Second, the quantum efficiency of the MCP image intensifier (converting blue
photons to detectable signals) may be 20%. Third, since the upconverted blue photons are radiated in all
directions, the collection efficiency for reimaging is of critical importance. Using two f/i lenses in series, this
collection efficiency is 5%, and reasonably low distortion imaging capability is maintained. Finally, the internal
quantum conversion efficiency from the infrared to the blue in the rubidium vapor must be taken into account.
Based on some calculations discussed in the next paragraph, an internal conversion efficiency of between 2% and
5% is expected for a 0.01 cm thick image preserving ALF cell. Multiplying these four numbers together gives an
overall device efficiency of 0.05%.

The main factor determining the achievable internal quantum conversion efficiency is the lifetime of resonantly
excited atoms in the cell. If the signal photons have a long lifetime due to resonance entrapment (reabsorption after
fluorescence) then there is an enhanced opportunity to pump the atoms to a further excited state leading to quantum
converted blue fluorescence. Computer calculations based on solving for the populations in the nine relevant
coupled energy levels in rubidium indicate that with an entrapment lifetime of 1200 ns and a pump intensity of
5W/cm 2 at 741 nm a 13% internal conversion can be achieved. A lifetime this long can be achieved in cells thicker
than 0.1 cm which may be appropriate for communications and some tracking applications, but are probably too
thick for good image preservation. If the entrapment lifetime is only 100 ns (because of quenching collisions with

the cell walls in a 0.01 cm cell) and a pump intensity of 1OW/cm 2 is used, then a 3% internal conversion efficiency
can be achieved, still ignoring quenching of the doubly excited levels radiating in the blue. Quenching of these
levels will further lower the conversion efficiency (while making the detector response time faster). For the data
presented in the image preservation experiment, the conversion efficiency was still lower because sub-optimal

pump laser intensities were used. There, a laser intensity of 3mW/(1.5cm x 0.02 cm) or 0.1 W/cm 2 leads to an
internal conversion of 0.2% and an overall device efficiency of about 10-5. It is hoped that wall quenching can be
reduced and entrapment times increased by coating the walls of thin cells with something like parrafin (as is done
in optical pumping experiments) to cause the excited atoms to undergo elastic collisions instead of sticking to the
walls. Furthermore, collection efficiencies can be improved by using lower f/number optics (especially for
communication applications) or possibly fiber optics.

Conclusion

A novel kind of active atomic line filter which preserves imaging information has been described in this paper.
This atomic line filter has a wavelength acceptance bandwidth of about 0.002 nm and inherently very low intrinsic
noise. In a rubidium ALF, an imaging resolution of better than 350 microns and a time response faster than 500 ns
have been demonstrated using semiconductor diode laser signals and pumps. Overall photon to detected electrical
signal efficiencies for such a device should be about 0.1%.
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A FAST ATOMIC LINE FILTER/FIELD IONIZATION DETECTOR*
S. H. Bloom, Eric Korevaar, Mike Rivers, and C.S. Liu

Thermo Electron Technologies
9550 Distribution Ave.
Applied Physics Group

San Diego, CA 92121-2305

An experimental demonstration of a fast atomic line filter/ field ionization detector (FALF/FID) is presented. The FALF/FID detects
incoming signal photons by resonant absorption in an atomic vapor cell containing a strong electric field. Excited atoms are electric field
ionized after further excitation to a Stark shifted Rydberg level by a pump laser tuned to a resonance in the ionization spectrum, providing
an observed enhancement in the ionization rate of ten times over the continuum ionization threshold. Preliminary measurements of time
response (<10 ns) and quantum efficiency (>25%) indicate that with optimization the FALF/FID will provide high quantum efficiency, fast
time response, and narrow linewidth detection.

Atomic line filters operating at various wavelengths from the near IR to the near UV have been extensively studied
since they are presently the narrowest bandwidth optical detectors available1 . Common to all of these filters is
internal wavelength conversion via optical atomic transitions and subsequent detection of the converted radiation.
The time response of these ALF's is limited by the fluorescence lifetimes of atomic energy levels. In Cs the time
response 2 is on the order of 500 ns. In this paper we describe the first experimental demonstration in a vapor cell of a
Fast Atomic Line Filter/Field Ionization Detector(FALF/FID), that selectively ionizes atoms that have absorbed
signal radiation and then detects these ions(or electrons). [While preparing this manuscript, a proposal for such a
detector appeared in Optics Letters 3] This filter has the advantages that it has a significantly faster response time, and
since the ions can be detected with near unity quantum efficiency, an inherently higher overall quantum efficiency
than fluorescence based filters.

The main drawback of using direct photoionization is that high pump laser intensities are needed for a fast
transition rate to the continuum which in turn produces noise due to two photon excitation from the ground state. The
FALF/FID uses a novel scheme whereby the high pump intensity requirement is alleviated by an order of magnitude
by making use of semi-discrete-Stark shifted Rydberg levels in an electric field, using the electric field for field
ionization and electron/ion production.

Before discussing the theoretical and experimental results, the basic physics behind the FALF/FID will be briefly
outlined. For this demonstration we used Rb as the active alkali vapor. Figure 1 shows an abbreviated energy level
diagram for Rb, depicting a schematic representation of the Stark-shifted Rydberg states. The 5p3,2 state is attained

IONIZATION LIMIT

RYDBERG LEVEL
nd FIELD IONIZED BY

(n 14-22) ELECTRIC FIELD

PUMP LASER (= 480 nm)

5P3/2

SIGNAL LASER ( = 780 nm)

5S1,2

Figure 1. Energy level diagram for rubidium showing transitions used by the FALF/FID.

by optical excitation with a diode laser tuned to the atomic transition at 780 nm. After absorption another laser
quickly excites the atoms that absorbed the 780 nm photons to Rydberg levels Stark shifted by the application of an
external D.C. field. These levels are of sufficiently high energy that the electric field ionizes them in times short
compared to 1 ns. These ions/electrons are then detected with near unity quantum efficiency by an electron

A paper describing this work has been accepted for publication in Optics Letters.
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multiplier.
It is possible to approximate the -,,Iiavior of Rydberg states in alkali atoms since the electrons spend most of their

time far from the nucleus where the wavefunctions can be accurately represented by coulombic wavefunctions. It is
possible to understand some of the important features of this problem from simple classical arguments 4 . The
potential for a single electron in an electric field along the z axis (in atomic units where e=m=h/2t= 1) is:

VE(r) =1 + Ezr (1)

where V has a maximum at z = -1/El'-. This point is actually a saddlepoint because off axis, V increases. We can
write the saddlepoint potential as Vsp = -2EU.fk.,r the cOectrc,o to be in a bound state iis encrgy must c-e ess than this
value so:

Wth = -2E 1 / 2 or Eh= W 2/4 (2)

This provides a threshold field for field ionization of the electron. To estimate the critical field the Stark effect can be
neglected so that W= -l/2n 2 which yields :

Eth" 3.2x 1 V/cm
16n4  n4  (3)

Figure 2 shows the approximate electric field necessary to ionize a Rydberg level of principle quantum number n.
Figure 3 tabulates the wavelengths for signal and pump lasers in various alkali vapors along with the operating
temperatures. The pump laser wavelength ranges are for transitions between levels n = 14 and 24. The time response
of the FALF/FID is limited by the transition rate from the intermediate level to the Rydberg level, and is a linear
function of pump laser intensity. The transition cross-section is significantly enhanced by going to a semi-discrete
level rather than pumping all the way to the continuum. Typical widths of these semi-discrete levels have been
measured 5 and depend on the azimuthal quantum number mi in the direction of the electric field. Widths of Im = 0
levels are 1-3 cm-1 (1 cm-1 = 30 GHz), Imi1 = I are 1-3 GHz and Imi1 = 2 have widths < 100 MHz. An ionization time
constant of<1 ns requires a pump laser width of> 1 GHz.
Quantum Efficiency

Conventional ALF's are limited in quantum efficiency by branching ratio losses, the quantum efficiency of the
photosensitive detector detecting the converted radiation, and the efficiency of the collection optics. In contrast the
FALF/FID detects ions or electrons from field ionized atoms and therefore does not suffer from the branching ratio
losses nor the quantum conversion efficiency of a light sensitive detector since the signal is detected with an electron
multiplier. Theoretically, conversion efficiencies greater than 50% should be possible with this detector.

10000 , , ' ...

E 8000

.. 6000
U.

: 4000-
I-

Lu 2000
0

12 14 16 18 20 22 24 26 28 30
PRINCIPLE QUANTUM NUMBER, n

Figure 2. The field ionization threshold for principle quantum number n derived from classical considerations.
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SIGNAL PHOTON SIGNAL LASER PUMP LASER OPERATING
ATOMIC TRANSITION WAVELENGTH CANDIDATES WAVELENGTH TEMPERATURE

Cs 6s-6p 894/852 nm DIODE, Ti: AI203 . DYE 515-499/530-513 nm 100" C

Rb 5s-Sp 795/780 nm DIODE, Ti: A120 3' 490-478/495-484 nm 120" C

ALEXANDRITE, DYE
WITH RAMAN SHIFT

K 4s-4p 770/766 nm DIODE. Ti: A12Oj, 465-458/467-459 nm 150" C
ALEXANDRITE, DYE
WITH RAMAN SHIFT

Na 3s-3p 590/589 nm DYE. SUM FREQUENCY 418-412 nm 220' C
GENERATION FROM

Nd: YAG 1.06g + 1.32g

Figure 3. Atomic transitions and their associated lasers for various alkalis useful in an ALF/FID.

Time Response

For a conventional cesium based ALF the time response is limited by the resonance fluorescence entrapment
lifetime. Theoretical and experimental results indicate that this filter can have a time response6 of 300 ns to 1 tsec.
For the FALF/FID the field ionization processes typically have lifetimes of <1 ns and therefore the time response of
the device is determined by the pump laser power. We can make an estimate of the upper bound of the cross section
for field ionization from zero field ionization calculations. For transitions from Rb(5p) to the ionization threshold
the cross section has been calculated 7 to be about 10-17 cm 2 . For a transition rate of 1/2.5 ns this requires a pump
intensity of 4 x 1025 photons/cm 2s which @ 480 nm corresponds to 17MW/cm 2. The transition cross section for an
ImjI=l Stark level can be estimated from the transition rate for 5 P3/2 - 20d and dividing by the number of levels (20)
that are accessible. For a linewidth of 0.05 cm -I (1.5 GHz) 5p3/2 -- 20d transitions have a transition rate8 of A = 4.5 x
104 sec-1. This number was obtained by integrating the Schroedinger equation using the Coulomb approximation for
V(r) and the Numerov algorithm. This yields a cross section of :

V =1 _ A Ax 1 x ---( - = 1.4x10-16cm2
20 8rc (l/Xxac) 3  Aco (4)

This represents a factor of 10 improvement over direct ionization. A laser intensity of about 1.2 MW/cm 2 will be
needed for a 2.5 ns transition time constant. An estimate of the pump laser power in an actual device depends on the
active detector area of the device. For rubidium, the signal laser at 780 nrm has a Doppler limited absorption cross
section of 2.88 x 10-11 cm 2 11.41 x 10-11 cm 2 including hyperfine splitting] so it will be absorbed in an optical depth of
0.01 cm at a density of 3 x 1012 atoms/cm 3 corresponding to a temperature of I05°C and 3 x 104 torr. If we assume a
detector diameter of 0.2 cm, then the pump laser would be focussed to a line of 0.01 x 0.2 cm with an area of 0.002
cm 2. The necessary laser power is then 2.4 kW, easily attainable with a pulsed laser. For a I Its detection period this
would correspond to a pulse energy of only 2.4 mJ.

The transit time of an electron detecting FALF/FID can be calculated from x = l/2at2 where x=0.2 cm and a =
qE/m. This gives t = 0.4 ns, a negligible effect on the response time of the device since the limiting factor is really the
spread in transit times which should be even smaller. If positive ions are detected instead the transit time will be about
140 ns, but if the electric field is very uniform, the spread in transit times may be < I %. As will be seen later the
spread in transit times for ion detection was <10 ns. so fast response times are possible with ion detection.

Noise

If electrons are being detected then any process that creates electrons in the active region of the detector will
contribute to the overall noise. An extremely small source of noise is the background cosmic radiation flux, which at
sea level 9 is 2400 /m 2s. If the cosmic rays were converted to electrons with 100 % efficiency that would lead to only
7.5 x 10-13 electrons/ns. Field emission could be suppressed by careful selection and manufacture of materials. The
most important sources of noise are thermionic emission, the photoelectric effect, and collisional or blackbody
radiative ionization. These may control the final choice of alkali for use in the FALF/FID. A final source of noise
that is a function of the alkali atom itself, the pump power, and pump wavelength, is two-photon ionization induced by
the pump laser. The maximal cell operating temperature will be determined by the trade-off between thermionic
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emission and the photoelectric effect on alkali depressed work functions of cell surfaces. At 480 nm, photons have an
energy of 2.6 eV which is higher than all alkali work functions and therefore plating of the alkali on any of the inner
surfaces which might receive scattered light from the pump laser must be minimized.

Thermal ionization is expected to be small for Rb at 105' C since the Boltzmann factor for the first excited state is
only 1.7 x 10-21, which is less than one atom in the entire FALF/FID. If the filter temperature were higher, say
400C, then the Boltzmann factor would increase to 2.1 x 10-12.

Figure 4 shows the cross section for two photon ionization by the pump laser for some of the possible alkalis useful
in a FALF/FID10. The cross section is strongly enhanced by single photon resonances and has sharp minima between
the resonances. In Rb at 480 nm the cross section is about 7 x 10-50 cm4 s. For a pump intensity of 1.2 MW/cm 2 this
leads to a transition rate of 0.6 /s. The active volume of the ALF/FID contains (6 x 1012atoms/cm 3) x (0.01 x 0.2 x 0.2
cm 3) = 2.4 x 109 atoms. So two photon ionization would produce 1.4 electrons/ns. This could be reduced by using a
different alkali/laser combination or reducing pump laser power. If the detector is run in ion detection mode, then
almost all of these noise sources would be eliminated. The most significant remaining sources of noise would come
from thermionic emission and two-photon ionization. The drawback of detecting ions instead of electrons is that the
time response and quantum efficiency(due to ion detection) might suffer.
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Figure 4. Theoretical dispersion curves for two-photon ionization rates in various alkalis(After H. Bebb].

Experimental Apparatus

The experimental setup used in this study is shown in Figure 5. Figure 6 shows a schematic drawing of the cell.
The central portion of the cell was a cube with vacuum ports on each cube face. Sapphire windows were mounted on
four sides of the cell; two for entry and exit of the pump laser, one for entry of the signal laser, and one for viewing
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Figure 5. The experimental setup used to demonstrate the feasibility of the FALF/FID.

944



COLOR GLASS FILTER

INCIDENT SIGNAL) (BLOCK SHORT
PHOTON WAVELENGTHSI

ACUUM CELL
, CO3&TAfN(NG

Rb VAPOR

TRANS PARPE NT
FELD

ELECTRODE

GRI D ELECTRIC
-V X FIELDPLATE

ELECTRON
MULTIPLIER

BELLOWS

SIGNAL
OUT

Figure 6. Detailed schematic diagram of the FALF/FID device

the active region. The electron multiplier was made from a modified end-on photomultiplier tube. The photocathode
and end window were removed and replaced by a stainless steel mesh, which served as an accelerating grid for the
electron multiplier and as a field electrode to produce the ionizing electric field in the active region. The signal laser
entry window was also covered with stainless steel mesh, providing the other electrode for the ionizing field. The
electron multiplier was attached to the central cube via a vacuum feedthrough attached to a stainless steel bellows
which allowed the electrode spacing to be varied from 0 - 1.0 cm. The remaining port had a high temperature
resealable valve attached to it. The cell was baked at 200 C until the pressure dropped to < 10-6 torr. Rb metal was
loaded into the cell in an argon atmosphere and the cell was then baked at 180' C under vacuum for about four hours.
The cell was then sealed and removed from the vacuum system thereby making for a convenient self contained device.
Rb vapor was produced by heating the cell with heater tapes wrapped around it and the entire device was wrapped in
glass wool for uniform heat distribution. The temperature was monitored and controlled with a platinum
thermometer which was attached to the coldest point on the cell and fed back to a temperature controller/heater
power supply. The signal and pump laser beams crossed perpendicularly in the active region of the cell. The field
electrode on the signal laser entry window was held at ground and the field electrode on the end of the multiplier was
held at high negative voltage. This provided a field that would accelerate ions into the electron multiplier. Ions
hitting the first dynode produced secondary electrons that were then multiplied by subsequent dynodes which allowed
the anode of the electron multiplier to be at ground potential.

The light exciting the 5s,/2 - 5P3/2 transition was provided by a diode laser nominally operating at 780 nm. The
diode laser wavelength was locked to the 5sl/2 - 5P3/2 rubidium transition by running a portion of the beam through a
Rb reference cell held at 40' C and monitoring the absorption. This allowed the diode laser to be grossly temperature
tuned to 780 nm and then finely current tuned to the 5sl/2 - 5p3/2 transition. There are four observable Rb absorption
lines due to hyperfine splitting of two Rb isotopes, 85Rb and 87Rb, present in our metal. The diode laser was locked to
the F=3. 85Rb line which has the highest cross section of the four peaks (a= 1.41x 10-11 cm 2 ,T= 330 C). The
linewidth of the diode laser was about 30 MHz. The pump light exciting the transitions to the Stark split Rb Rydberg
states was provided by a Littman II type grazing incidence dye laser using coumarin 480 (5 x 10-3 molar) dye, which
in turn was pumped by a XeCI excimer laser running at a 10 Hz repetition rate. This provided light from the dye
laser with a bandwidth of about 0.1 cm-), an energy of 10 WJ/pulse, and a pulsewidth of about 10 ns. The dye laser
could be continuously tuned from 475 nm to 492 nm using a rotatable feedback mirror. The mirror was driven by an
inchworm controller so that resolutions of < 0.001 nm in the dye laser wavelength were possible.

The signal laser had a 2 mm x 2 mm cross sectional area and a power of 8 mW for the entire beam. The pump laser
was focussed into the active region with a 30-cm focal length lens. This provided a beam waist of 100 im at the
intersection point of the two laser beams. The signal laser entry port was covered with a Schott RG-715 filter to
block any short wavelength light that might produce photoelectrons. The pump ports were covered with Schott BG-
39 filters which blocked any UV from the XeCI laser from entering the cell. The cell was run at a temperature of 84'
C which corresponds to a Rb vapor density of about 1011 atoms/cm 3 or 3 x 10-5 torr. The signal from the electron
multiplier was fed into a gated boxcar averager as was the signal from the monitor photodiode of the pump laser.
These were both fed into an analog signal processor so that the output signal of the multiplier was normalized with
respect to the pump laser input power. The signal from the analog processor was recorded on a strip chart recorder,
and the pump laser wavelength was continuously monitored with a high resolution spectrometer which allowed
calibration of the electron multiplier output vs. pump laser wavelength.
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Experimental Results

Figure 7 shows typical oscilloscope traces from the output of the electron multiplier. Two temporally separate
signals were observed on the output of the electron multiplier. Picture I shows the output of the device with the
signal laser off resonance. The small peak, which is coincident in time with the pump laser, was due to scattered
pump light from the entry windows which was producing photoelectrons near the first dynode of the multiplier.
When the signal laser was blocked, this peak remained, when the pump laser was blocked, it disappeared. Picture 2
shows the signal laser on resonance and the pump laser in between the large Stark split Rydberg peaks. Picture 3
shows the signal on resonance and the pump laser on one of the large peaks due to field ionization of the Stark split
Rydberg states. The small peak, earlier in time than the ion signal is that from photoelectrons as discussed earlier.The
ion signal could be separated in time from the photoelectric peak by anywhere from 20 to 200 ns, depending on the
electric field and the distance of the interaction volume from the electron multiplier field electrode. When the signal
laser was blocked or tuned off of the 5 si/2-5p3/2 transition, this peak disappeared. Picture 4 shows the signal on
resonance and the pump laser wavelength tuned such that it directly ionizes the 5 p3/2 state. There is approximately a
factor of 10 enhancement in the cross section of the Rydberg state as compared to direct ionization.

100 ns/DIV

E -E

SIGNAL LASER OFF SIGNAL ON RESONANCE.
RESONANCE PUMP ON RESONANCE

ENHANCEMENT

E E

SIGNAL ON RESONANCE SIGNAL ON RESONANCE
PUMP OFF RESONANCE PUMP TO CONTINUUM

(BETWEEN PEAKS)

Figure 7. Oscilloscope traces showing the output from the FALF/FID for different signal/pump laser on/off conditions. See text.

Figure 8 shows photo-excitation and ionization spectra of Rb taken at various electric field strengths in an energy
range around n = 15 - 16.[For comparison data from a Na atomic beam is shown on the right hand side of the
figure121 The ion signal is plotted as a function of energy below the zero field ionization limit. The diagonal line
represents the classical limit above which field ionization occurs. The spectra show sharp, semi-discrete levels
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Figure 8. (a) Field ionization spectra for Rb taken with the FALF/FID showing the change in the number and size of the various peaks
with electric field. (b) Photoexcitation and ionization spectra of a sodium atomic beam (n = 15) in various electric fields.
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embedded in a broader continuum. By tuning the pump laser to these peaks large enhancements in the
photoionization cross sections were observed. The abscissa scale was obtained by subtracting the zero field ionization
limit of 85Rb (33691.02 cm-') from the sum of the energy of the 5p3/2 (12816.56 cm-1) of 85Rb and the energy of the
blue laser. The ordinate scale is arbitrary although the heights of each spectrum are relative to each other. The
change in height from high field to low field is an artifact of the measurement because the same power supply
provides the electric field and the electron multiplier bias voltage and therefore at higher electric fields the multiplier
has higher gain. It should be emphasized that these spectra are taken by tuning the piarn laser. No ion signal is
detected if the signal is tuned off of the 5Sl/2- 5P3/2 hyperfine transitions, whose combined width sets the atomic line
filter acceptance bandwidth at 0.002 nm.

The upper part of Figure 9 shows a spectrum taken at E= 6000 V/cm over a large tuning range of the blue laser.
The wavelength of the pump laser is increasing from right to left of the figure. The spectrum can be seen to go from
a relatively flat, featureless regime above the zero field ionization limit to a series of sharp peaks embedded in a
broader background continuum. The lower section shows high resolution pieces of the same spectrum. The low,
broad feature was measured at energies greater than the zero field ionization limit ( tblue laser < 479.05 nm). The large
sharp feature is from the peak near Xblue laser= 488.75 nm. The ionization cross section of this Stark split Rydberg
state is enhanced by about 8.5 over the direct ionization cross section. The time spread of the ion signals was < 30 ns,
which is much faster than most conventional atomic line filters. If electrons are collected instead of ions, transit times
< I ns could be expected.

FULL SCAN 491 nm 5 X:5 476 nm

488.75 8.5 X ENHANCEMENT
OVER CONTINUUM
,, /
476.54 nm 476.49 nm

488.79 nm. 488.71 nn

HIGH RESOLUTION SCAN
(5 x 10-2 nm/min.)

Figure 9. A field ionization spectrum taken at E = 6 kV/cm. The upper spectrum shows the evolution of field ionized states from semi
discrete resonances to a smooth continuum as the pump laser is varied in wavelength. The lower spectra are high resolution sections of
the upper spectrum demonstrating a factor of about 8.5 enhancement in ionization cross section for the field ionized states as opposed
to direct ionization.

Figure 10 shows the detector output at 488 nm, pump polarization parallel to electric field, E= 6000 V/cm. The
FWHM of this signal is 7-8 ns. This demonstrates that response times of <10 ns are achievable with the detector
collecting ions. There are two advantages to running the FALF/FID in ion collection mode. The most important is
the virtual elimination of noise due to the photoelectric effect from the pump beam. The second is that the window
electrode and the multiplier anode can be run at ground potential. These advantages allow the FALF/FID to be
constructed more simply than if it were necessary to collect electrons for fast response time.

A preliminary estimate of the device quantum efficiency was obtained by reducing the signal laser power to a point
at which single photon events were observed. The point at which single photons were obtained was when the signal
was seen to go from zero to a particular value randomly in time with the on condition remaining constant in
magnitude. This should then be the level of single ion counting. This allows us to scale for the number of ions
produced when not in single ion counting mode for a given signal size on the oscilloscope. An estimate of overlap
volumes between the pump and signal lasers led to a rough conversion quantum efficiency of 28% for that volume.
The device is presently being modified so that the screen on the signal laser entrance window will be replaced by a
thin metallic film deposited on the inner surface of the window itself. This will allow the pump laser to be bounced
directly off of the window making 100% overlap of pump laser and signal photons possible, so that the total device
quantum efficiency can be measured.
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In conclusion, the data in figures 8, 9, and 10 demonstrate that a FALF/FID with fast time response and high
quantum efficiency can be built. The spectra show that the ionization cross section is significantly enhanced over
direct ionization by pumping to Stark shifted, field ionized Rydberg states in a strong electric field. A device suitable
for LIDAR applications with a time response of < 5 ns, a quantum efficiency > 50 %, and an acceptance bandwidth of
0.002 nm should be possible using a lkW peak power, long pulse dye laser as a pump (lmJ/ts). Many different
operational wavelengths are possible using different atomic or molecular vapors. In particular, Cs (852 nm), Rb (780
nm), and K (770 nm) match Ti:A120 3, Alexandrite, and semiconductor lasers. Finally a Cs filter with 459 nm signal
and 1.06 t pump can operate in the blue with lower photoelectron and two-photon ionization noise than the IR
FALF/FIDs.

Figure 10. FALF/FID ion signal showing a time response of - 7 ns.

The work described herein was supported under SDIO/IST/ONR contract N00014-89-0068. We would like to
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Abstract

Dynamics of picosecond laser-induced molecular reorientation pheno-
mena and ultrasound-generation in the liquid crystal 5CB are investi-
gated in transient grating experiments. It is shown that the reorienta-
tion process is still increasing after the pump-pulse leaves the sample
and relaxes exponentially later. Further a coupling between reorienta-
tion effects and the excitation of sound-waves has been observed.

Introduction

Liquid crystals are fluids with strong correlationsLC
between the constituting molecules showing anisotropic
physical properties in general. This behaviour results
not only in strong electro-optical and magneto-optical' 488nm
but also in remarkable opto-optical effects. Optical
field-induced reorientation of nematic liquid crystals cw
has been investigated with low power cw-lasers3 ' 4 and
with short laser pulses s , 

6 and the related optical
nonlinearity is of some interest to applications like
phaseconjugation, photonic switching and processing ofFD IF
light or optical bistability.

All recent studies of field-induced molecular reorienta-
tion in nematics show that the static and dynamic
properties of molecular motion obey the Erickson-Leslie Oscilloscope
theory s which describes the collective reorientation
phenomena by the deformation of a so called director,
the average molecular orientation. In the present paper
it is shown that the Erickson-Leslie thecry is also
applicable if ultrashort laser pulses of less than lOOps x
duration and strong optical fields as high as 107 V/m
are used for excitation. For the first time we have
observed effects which give evidence that an inertial EAr E 1,(2)
moment has to be considered in this case. Further we X'\
have observed a nonthermal ultrasound-generation TE2
mechanism in these experiments, where the acoustic pump
waves are excited by the molecular reorientation pro- probe

cess due to inverse flow-orientation coupling. laser laser

Experiments and Results

In our experiments we used a wave-mixing arrange- dz
ment, which is schematically shown in Fig. Ia. Two
pump-pulses of 80 ps duration (FWHM) obtained from
a frequency-doubled mode-locked Nd:YAG laser with a
single-pulse extraction are focussed to an e- 2-diameter
of 800 pim on a thin film (d= 25 pm) of a honmeotropi-
cally aligned nematic liquid crystal SCB (4'-n-pen-
tyl-4-cyanobiphenyl). The two pump beams are linearly
polarized, their polarizations either parallel or perpen- Fig. 1: Experimental setup (a): LC-Liquid crystal;

dicular to each other, producing an intensit)- or pola- FD-fast fotodiode; IF-interference-filter.

rization-grating in the sample. The resulting optical Experimental geometry (b): E1 , E2 - optical pump

field-fringes modulate the alignment of the molecules fields; EA - optical probe field;

and change the optical properties of the birefringent 13-initial alignment angle (22.5 deg);

liquid crystal by rotating the director and the optical 0- reorientation angle.

axis. The center of the induced phase-grating (grating
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period A = 30 Vm) is probed by a weak argon cw-laser In both cases the signal is still increasing long after
(488 nm) with a spot size of 100 urm diameter. The the pump-pulse (which can be approximated as a
first order diffracted intensity of the probe-beam is 8-peak at t=O on the graph) leaves the sample, showing
measured with a fast fotodiode and a fast real-time strong additional oscillations in the case E11E . These
oscilloscope. The oscilloscope-traces are recorded and oscillations occur due to laser-induced ultrasonic stan-
processed with adigitizing video-camera system. The time ding-waves and diffraction at the resulting density
resolution is limited by a rise-time of about 400 ps modulations (forced Brillouin-scattering), which will be
and a decay-time of less than 4 ns with the PIN-diode enhanced mainly by thermal heating, if an intensity-
used so far. grating is used. The trace E J_ E shows almost the

pure reorientation-grating without or just weak oscilla-
The experimental geometry is shown in Fig. lb. The un- tions at lower pump energies. If however the pump
pertubed director and the optical fields EAr and E are energy is increased the oscillations will also occur
in the x-z plane while the second pump field k is strongly even in the case of a polarization-grating as is
chosen parallel or perpendicular to l . If E111E2 the two displayed in Fig. 3. This can be explained by generation
beams interfere to give an intensity-grating and field- of ultrasound due to the reorientation process itself
dependent as well as intensity-dependent effects will and the related molecular motions.
be excited in a periodic structure leading to diffraction
of the probe-beam. If however _E1E 2 , the two beams
will not interfere and intensity-dependent effects (e.g.
thermal heating) will not occur in a grating and are
not detected. But the optical fields still add together
vectorially to form a polarization-grating. The liquid
crystal will respond to a polarization-grating with a Wp [rn]
periodic reorientation structure which is detected by
the probe beam diffraction without any additional in-
tensity-dependent effects7. Fig. 2 displays typical oscil-
loscope-traces of the diffracted probe-beam intensity
during the first 500 nanoseconds after the ps-excitation
pulse for the two types of excitation gratings.

0.50

0.45

0.40

El E20.30

7 0.25

0.2 0

El E2

i . I L I , I I . I I* I

W 0-200 - 0 100 200 300 400 500

t ons]

response to Fig. 3: Diffracted probe-beam intensity after ps polari-
zation-grating excitation at different pump ener-

laser-pulse gies Wp. The sample is nematic SCB at T - 250C
d = 25 9m.

-100 0 100 200 300 400 500

t [ns] The slower increase of the signal at low pump-energies
is of the type (I-exp[-t/R]) showing rise- times T R
between 20 and 50 ns depending on excitation -energy
(see Fig. 4). Much later the signal will decrease and

Fig. 2: Diffracted probe-beam intensity %s. time after ps the grating decay can be fitted well by a single expo-
grating-excitation. Pump energy Wp = 0.25 mJ. nential law as is shown in Fig. 5. The evaluated decay
The response of the detector system to a single times are in the millisecond-range, depending on sam-
pump-pulse is shown for comparison, pie temperature as is depicted in Fig. 6.
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70 Theory and Discussion

60 The observed dynamics at low pump-energies can be
described by the Erickson-Leslie continuum theory for
calculation of the optical nonlinearity in combination

r- 50 0 with a dynamic grating diffraction model 8 . Considering
0 a polarisation grating on a homoetropic aligned nematic

j 40 film the optical field-fringes will modulate the reorien-
00 0 tation of the director and the refractive-index to form

F- 30 a phase-grating. Refractive-index changes established by
00 molecular reorientation are given by

20 0
0 Sn = ne (E + - ne ( (I)

10I I I where
1 2 3 4 5 61W 21/m 5]ne (1) = ninj1 (n 1

2 
cos

2 
4 + n 2sin2_9) - 1

/2 (2)
with cf= e+O3 and = 3 respectively. nj_ and no are the
refractive-indizees perpendicular and parallel to the di-
rector. In an plane wave approximation the director

Fig. 4: Observed rise-times vs. reciprocal pump-energy. motion can be described by a single reorientation angle
e which is obtained by a torque balance

2
E + c ot- KAe - - oaE 2sin 2(O+P) = 0 (3)

where K is the elastic constant (in a one constant ap-
proximation), y the rotational viscosity, p the inertial
moment, ca = cl - E and E the optical field. Flow-
orientation coupling Las been neglected so far. An

-0 approximate solution of the linearized eq. 3 under hard
tboundary conditions e(z = 0) = e(z = d) =0 in a grating

ps-pulse experiment is

I I I I I (tI c I s I
-10 0 10 20 30 40 50 60 70 eem (t) cos(qy) sin (tz/d)

t [ms] where q is the wave-number of the grating and em
obeys the equation

Fig. 5: Reorientation relaxation after ps excitation.

54 )
2 8 m Oem

theory at + D Om  = F (S)

50

46with D = K (q
2

+7t
2

/d 2
) - S e E2 

cos 2 0 and F E46 Ea E2 sin 2 5. Eq. 5 describes the dynamics of an over-
I damped oscillator typical material parameters and

42 experimental data like y = 0.01 kg/ms, K = 10-12 N, d =
25 pm, q = 0.2 pm- 1 and p : 10

- 4 kg/m are used. Thisupper limit of the inertial moment corresponds to the
motion of correlated molecules within a volume of I :
300 pm radius which is much more than the correlation

30 length.
30

26 In the time scale of our experiments the pump-pulse
can be approximated by a Delta-peak E2 (t) = E0

2 8(t)
I . I I I , I and the solution of eq. S is given by

-20 -16 -12 -8 -4 0 4

T-TNI [ K] Fo
TTI K]0

m = Fc..t (exp[-t/t. ] - exp[-t/T R]) (6)
Fig. 6: Reorientation relaxation-times as function of the m 2 e - -(

reduced sample temperature. TNI is the ne-
matic-isotropic phase transition temperature.
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where a = (8
2 

- 0 2)1/2 with -- (K(q 2

2 j/2vand 8' =~+ it 2
/d2 )2 for t 0. The quantities tR 

° ( + )-1 WO
and tD = (-a' give the rise- and decay-time of the 'ac = v (9)
director reorientation. Developping the root of a' re-
suits in

were wo is the laser beam radius.

R =  (7a) Similar results have been obtained in the isotropic pha-
se of SCB where the optical Kerr-effect can be expec-

y ted to be a very effective mechanism for the generation
TD = K(q

2 +7t2/d 2 ) (7b) of ultrasonic waves.

The rise-time is given by the inertial moment and vis- Conclusion
cosity while the decay-time depends mainly on vis-
cosity and the elastic forces as in simple relaxation In the present paper we report on investigations of the
models. If we take y = 0.015 kg/ms, K = 710 -12 N we dynamics of iiolecular reorientation phenomena and
get TD = 36 ms (at T = 25 0C) in good agreement with ultrasound generation in a nematic liquid crystal using
experimental data. The observed temperature dependen- picosecond excitation pulses and dynamic grating dif-
ce of the relaxation time can be explained' by the fraction. We have observed an increase of the director
well-known temperature dependence of the viscosity y deformation for times much longer than pump-pulse
and the elastic constant K. duration. The observed rise-times are in the order of

20 to 50 ns depending on pump-energy. The reorienta-
A response-time of e.g. tR 

= 40 ns can be explained tion is later decaying exponentially with time-constants
with v = 6"10-10 kg/m. This corresponds to a volume of 30 to 40 ms depending on sample temperature. The
of I = 800 nm radius. Compared to the usual defini- observed dynamics can be described by the Ericksen-
tion of a correlation length 'k = (K/ o Ea E0 2)1/2 which Leslie theory considering an inertial moment term. The
is 1k = 40 nm during the laser-pulse and Ik = 8 Vm inertial moment of the director motions has been
without optical field (at t -> o after excitation) the assumed to be in the order of p = 10- l ° kg/m to ex-
assumed value I lies well between these two extreme plain the observed rise-times. This corresponds to an
cases. The observed dependence of the rise-time tR on averaged correlation lenght of some hundred nanome-
the pump-energy Wp a!so suggests that v- 1k2 or I - ters.
1k respectively.

The observed oscillations of the diffraction signal are
During the laser-oulse however the correlation length explained by a nonthermal generation of ultrasound and
is in the order of some ten nanometers resulting in additional acoustic gratings driven by the reorientation-
much faster rise-times of some picoseconds which is process.
comparable to the pulse-length. This can explain the
occurence of fast reorientation-effects and related re-
fractive-index changes even when the picosecond
pump-pulses are still in the sample as has been de- Financial support from the Deutsche Forschungsge-
monstrated in self diffraction experiments recently6. meinschaft is gratefully acknowledged.

The observed oscillations in the MHz frequency range
cannot be explained with the simple reorientation mo-
del and show the limits of the approximations which
have been introduced. At higher pulse-energies the
flow-orientation coupling and the inverse process can
obviously not be neglected any longer. We explain the References
observed nonthermal excitation of ultrasonics with the
fast and impulsive reorientation and rotation of mole- I. P.G. de Gennes "'The Physics of Liquid Crystals",
cules, which should produce a periodically modulated Clarendon Oxford (1974)
flow in our grating experiment. A spatial and temporal 2. I.C. Khoo, Y. R. Shen, Opt. Eng., Vol. 24, p. 579 (1985)
periodically modulated flow of molecules is accompa- 3. A.S. Zolot'ko et al., JETP Lett., Vol. 32, p. 155 (1980)
nied by a modulation of material displacement and 4. H.J. Eichler, R. Macdonald, C. Dettmann, Mol. Cryst.
density-changes, which lead to the observed additional Liq. Cryst. Vol. 174, p. 153 (1989)
refractive-index changes and the related acoustic-gra- 5. H. Hsiung, L P. Shi, Y.R. Shen, Phys. Rev. A, Vol.
ting. If the sound. waves are excited by a grating one 30, p. 1453 (1984)
gets two counterpropagating wave-packets which re- 6. H.J. Eichler, R. Macdonald, Proc. Int. Conf. Lasers
suits in a standing wave at the excitation region, lea- 88, p. 511 (1989)
ding to the observed oscillations8 . The period of the 7. G. Eyring, M.D. Fayer, J. Chem. Phys., Vol. 81, p.
acoustic oscillations is given by 4314 (1984)

8. H.J. Eichler, D. Giinter, D.W. Pohl, "Laserinduced Dy-
T c = A/ v s  (8) namic Gratings", Springer Berlin (1986)

where A is the grating period and v s the speed of
sound in the liquid. The damping of the oscillations is
approximately given by
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EFFECT OF AN INTENSITY DEPENDENT RESPONSE TIME ON
THE PHASE-CONJUGATE EFFICIENCY IN SEMICONDUCTOR DOPED GLASSES

B. Van Wonterghem, S.M. Saltiel and P.M. Rentzepis
Department of Chemistry

University of California, Irvine, CA 92717

Abstract
We describe the means employed for the measurement of phase conjugate reflectivity, its phase shift and

sign in semiconductor doped glasses.The decay times of low intensity laser induced gratings are measured in
these glasses and shown to depend strongly on the pump intensity and previous light exposure history of the
glasses.In addition, the deviation from the expected square dependence of the phase conjugate reflectivity in
CdSxSe 1 -x doped glasses at low pump power levels is explained by the dependence of the induced optical non-
linearity relaxation time on intensity. We also describe a new non-linear interferometer which allows for the
accurate measurement of phase conjugate reflectivity, phase sift and sign of materials with very low third order
non-linear susceptibilities.

Introduction
Semiconductor doped glasses have been important devices in optical spectroscopy for many years owing to

their sharp absorption edge in the visible and near ultraviolet region. Lately non-linear optical investigations
suggested that these materials may be appropriate for optical switching because of their short decay time and
relatively high X(3).

Because of the method for manufacturing of these glasses, including high temperature melting of the glass
substrates, the non-linear properties of semiconductor glasses vary appreciably, even in glasses from the same
melt. In addition we have shown that the pulse duration and intensity of the laser pulse influences the values of
X(3) and grating decay times. For example the reported X(3) values of CdSxSel-x doped glasses studied by four
wave mixing 1-4 vary from 10-11 esu 5 -7 to 10-7 esu 8 . Also values varying from 10-10 and 10-9 have been
reported 2 ,3 for semiconductor doped glasses OG 530 (Schott) and CS 3-68 (Coming). A complication which
arises in the study and utilization of these glasses as optical devices is related to the change in the optical
properties after exposure to high power laser radiation. This is manifested in the observed absorption change 8 -

10 at the irradiated area. It was also foundl 0 that the efficiency of phase conjugation decreased when the sample
was illuminated with single pulses having a fluence of 5 mJ/cm 2 . However no change in the absorption of these
glasses was observed for fluences less than 0.5 nJ/cm2. In addition ,the dependence of the third order non-linear
susceptibility and grating decay time on the pump intensity was studied by a retroreflecting scheme for
degenerate four wave mixing and by phase conjugate interferometry. In addition the dependence of the third
order susceptibility and grating decay time on pump intensity were investigated.

Results and Discussion
The data presented here, on the photodarkening effects and induced grating decay timts, were obtained with

the use of a frequency doubled Nd:YAG CW mode locked laser (532 nm) using a set up as shown in figure 1.The
characteristics of this laser are: 1 W average green power, 70 ps pulse width operating at a repetition rate of 82
MHz. For the experiments on the study of the grating decay times, the magnitude, and the sign of the third order
non-linear coefficient of CdS0.9Se0.1 semiconductor doped glasses, the laser power levels were in the 1kW/cm 2

to 0.1 kW/cm 2 range. The optical experimental system used for the measurement of the magnitude of X(3) is
shown schematically in figure 1. The phase and sign of the conjugate signal was measured with the aid of a non-
linear, two output interferometer 3 which is depicted in figure 2. The magnitude of the reflectivity was
determined by a power meter. The decay time of the interference gratings was measured by using a train of
pulses. The probe beam, consisting of square shape pulses was formed by means of a mechanical chopper ,while
the pump beam consisted of the continuous output of the laser.are shown in figure 1.This technique, allowed for
the measurement of rise and fall time of the grating from 0.250 ms to 500 ns. Since the gratings are formed only
during the time interval when the probe and pump beams overlap,it is possible to measure their decay during the
interval elapsed between pulses. The decay signals were displayed on a storage oscilloscope, digitized then the
decay times calculated. The length of the probe pulses was such that the carrier population - grating was allowed
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to reach a steady state. Using these square-tooth wave probe beam pulses and continuous pump beam we
measured the decay times and estimated that they vary between 4 ts and 30 1is for power levels 0.25 kW and
lkW. These data are summarized in Table I where it may be seen that the decay lifetimes decrease with increased
laser intensity for all glass samples investigated except for the OG530 sample. In fact only the OG530 sample
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spot which was previously not exposed to laser light, was found to have the same decay lifetime for both low and
high intensity beams, 0.25 kW and lkW.

The grating decay time for fresh and exposed samples, induced by 532 nm laser light do not exhibit a
consistent intensity dependence. As it can be seen in Table I the decay time decreases with intensity in 00 530
glass from fresh to exposed samples while increases for CS 3-68 glasses. The decrease in lifetime with intensity
was also observed by Remillard et al. 11 . The magnitude of the phase conjugate efficiency of semiconductor
glasses was measured for several CS 3-68 and OG 530 glasses. Even though pump and probe intensities were
identical in all experiments, 290 mW pump and 150 mW probe, the phase conjugate reflectivity varied by about
two orders of magnitude among samples of OG 530 glass.This data is shown in figure 3 The reflectivity among
CS 3-68 samples however varied by only a factor of two. We find that the highest phase conjugate power
observed for CS3-68 semiconductor glass was 1-3 mW. Using this value, the absorption coefficient a of the glass
and its internal transmission T, the magnitude of X(3) was calculated to be 6 x 10-8 esu by means of the
relationship (1)

1/2 1/2(3) CaRp[T (1-T) I

8n ) 107 Ip

This corresponds to a phase conjugation reflectivity, Rpc, of 6 x 10-3. Reflectivity, Rpc, is defined as the ratio
of the conjugate power density/probe beam power density. The average value of X(3) for all the samples studied
was calculated to be 5.lxlO- 8 esu and 3x10- 9 for CS 3-68 and OG 530 respectively. The 00 530 X(3) values
were found to vary from 3x10-10 to 3x10-8 .esu.

The reason for the higher X(3) values for OG570 samples observed by Remillard et al. is probably due to
differences in the grating decay times between the experiments reported here and the experiments reported in
reference 8, as measured by the reflectivity spectrum in a nearly degenerate four wave mixing set up. These
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decay times differ by a factor of 14, which is caused by the difference in the pump laser power used in the two
experiments.

When a semiconductor doped glass is illuminated, not only the phase conjugation efficiency changes, as
pointed out previously, but also the red-shifted trap luminescence intensity decreases considerably. In order to
measure the relative rate of change in the phase conjugation efficiency and relative luminescence efficiency as a
function of laser exposure, the samples were irradiated with 532 nm laser light for a preselected period of time.
After each light exposure the phase conjugation efficiency and the luminescence, due to trap radiation, were
measured. We find that after irradiation with more than 2kJ/cm 2 (532 nm).light, the phase conjugate efficiency
decreased by a factor of two in the CS 3-68 glass samples and by more than two orders of magnitude in the OG
530 semiconductor doped glasses.This corresponds to a X(3) value which is smaller in the exposed sample spot by
a factor of 10 as compared to a fresh spot of the same glass. This photodarkening effect was found to be a
function of laser fluence and the history of the sample3 . The change in the luminescence intensity across the
irradiated spot is shown in figure 4 where also the transmittance and phase conjugate signal intensity are plotted
as a function of position through the dark spot of a CS 3-68 glass sample. The photodarkening of the sample was
achieved exposing the samples to 130 mW average power laser light for 10 hours.The luminescence efficiency
was measured with the same beam after 100 fold attenuation. The change in relative phase conjugate efficiency
and luminescence efficiency was measured simultaneously in these glasses as function of exposure to 532 nm
laser light.by exposing the samples to light for preselected periods of time then monitor the phase conjugation
intensity and luminescence efficiency between exposures with a highly attenuated laser beam. The data obtained
using CS 3-68 glass is shown in figure 5. It is evident, in this figure, that the phase conjugate efficiency decreases
more drastically than the luminescence efficiency.

The dependence of the phase conjugate reflectivity on intensity,for these semiconductor'doped glasses was
studied in deapth using essentially the experimental system shown in figure 1.AII beams had parallel polarization
and a radius of 1 mm. The probe beam was transformed to rectangular pulses,by means of the choppershown in
figure 1.,with a rise time of less than 500 ns. OG 530 and CS 3-68 glass filters ,with transmission at 532nm of
25% and 50% respectively, were used as samples.The experimental data shows that there is a relationship
between the induced grating decay time and the slope of a log-log plot of the phase conjugate reflectivity at low
pump intensity..The phase conjugate efficiency dependance on intensity was found to be less than quadratic when
the laser pulse duration is longer or nearly equal to the induced grating decay time.The observed phase
conjugate reflectivity, R, versus reduced pump intensity IR=(IplIp2)2 , for OG 530 glass is shown in figure 6a.
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The data for the upper curve were taken in a fresh, unexposed spot,while the lower plot of fig.6 corresponds to a
spot irradiated for a long time,modified spot.4 ,14 . The phase conjugation efficiency was found to be less in a
modified spot than in a fresh spot of the same glass,and the slope of the log-log plot of R versus IR decreased
from 1.6 to 0.6 with increasing intensity. Unmodified spots in 0( 530 were found to have almost a square
dependence on pump intensity (slope 1.9). In CS 3-68 glasses the slopes were less than two (fig 6b) for both
fresh and modified spots, 1.1 and 1.2 respectively. Special care was taken to minimize the light exposure time of
the unmodified spot. To that effect we used a shutter which restricted the total light exposure time of an
experiment to less than 4 s. Which is negligible compared to 2 min. exposure, at maximum power for the
modified spots. The measured decay times of the induced grating are reproduced in figure 6. The decay times of
the modified spots decrease with increasing intensity. The same trend was observed in unmodified spots of CS 3-
68 glass.In unmodified spots of 0( 530 glasses however,the phase conjugation decay time was measured to be 5

s and was intensity independent. For these intensity independent spots, a slope of two was observed for the
intensity dependence of the phase conjugate reflectivity.

At low power pump intensities ,with a CW mode locked laser.the grating decay times are longer than the
interpulse time (12 ns). We consider therefore, that the chopped pulse peak power is equal to the power of the
mode locked pulses with an effective coherence time equal to that determined by the chopper aperture and
rotation speed.

The nonlinearity, at low excitation intensities,is due predominantly, to hole-sensitized long lived trapsl4,8.

In such cases th, non linear process can be considered as a three level system,with the trap being the third and
long lived level. Because the length of the chopped pulses is much longer than the decay times, the reflectivity R,
reaches a quasi steady -state which may be described by an effective steady-state third order nonlinear
susceptibility:

X(3) = c a 'rtrapX trap /16he0 (2)

where a is the low intensity absorption coefficient, Ttrap is the lifetime of the sensitized traps and Xtrap their
linear optical susceptibility. Since the phase conjugate reflectivity R is proportional to IX(3)121pl1p2, any

3
o 10 TRANSMITTANCE

M OG530 CS 368. - _
HOO MNESCENCEI

02- 000S
C,

30.1 0

Z 1 s%

-J
001 z CONJUGATE

1 52 03S04 05 6 6 7 0 09 C10 °D ,SIGNAL
SAMPLE CU

Figure 3. Bar graph of the phase conjugate efficiency 0 2 4 6 8
of several samplegof Coming CS 3-68 and Schott 00 SAMPLE POSITION, mm
530 semiconductor doped glasses, determined under
identical experimental conditions. Legend: sample #1: Figure 4. Transverse profile of the phase
exposed 00 530, #2-#5: unexposed OG530, #6: ex- conjugation efficiency, luminescence and
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dependence of rtrap on the intensity will cause a deviation of the square dependence of R on the reduced power
IR. From the log-log plot of R versus IR we derived the intensity dependence of Ttrap using the expression.
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log [ttrap(IR)] = log(R)/2 - log(IR) + const. (3)

we calculated curves which are proportional to Log(rtrap) using the the experimental dependence of R on I.
These calculated curves and the measured values for Ttrap are shown in figure 6.,.where the calculated and
experimental curves are seen to be in very good agreement..Intensity independent valuee of 'ttrap imply a slope of
2 for R, as found to be the case for an unmodified spot of OG 530. This was shown to be the case in previously
published data using a very low power CW dye laser in OG 5708 -We may now point out that the aparently
contradictory data on the slopes reported prevously , which used high power laser pulses , may be explained by
considering an effective value for X(3), which depends upon the coherence time of the laser pulses and the
intensity dependence of the induced susceptibility decay time.

The relative phase shift between two non-linear media was accurately measured by means of the new
interferometer which we designed and built for this purpose 3 . The components of this interferometer and the
optical arrangement is shown in figure 2 The pump and probe beams are separated into two parts by a beam
splitter, BS, and propagate along the optical paths shown. The phase conjugate mirrors, PCI and PC2, are of he
same type as those used for a retroreflection type of degenerate four wave mixing experiments. After interaction
the beams are reflected back and recombine at the beam splitter.The two phase conjugation signals which are
generated at PCI and PC2 and interfering with each other at BS, constitute the phase conjugate interferometer
Cl. The recombination of the pump beams generates a signal which is the equivalent to that which will be
produced in a conventional Twyman-Green interferometer (PI, pump interferometer). These two
interferometers are so intimately dependent on each other that alignment of one interferometer, either PI or CI,
results in the simultaneous, automatic, alignment of the other interferometer.

A phase shift, c, can be induced by the translation of the retroreflecting mirror in one of the arms using a
piezoelectric transducer. The interference signal of the pump interferometer IpI equals

0 1.0 1.0
0

<0.8 0.8
0

.0 Figjur. Decrease of the phase conjugate
S0.6 0.6 efficiency and trap luminescence efficiency in a
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IPi = lp,I + IP,2 - 2(Ip, lIp,2) 1/2 cos [4(1 1-12)/12 + a] (4)

The conjugate interferometer output intensity ICI will be:

IcI = ICI + IC,2 - 2(IC,IlC,2) 1/2 cos [4t(lI-12)X + a + 0,2 - 0,1] (5)
where 11 and 12 are the optical pathlengths in both arms of the interferometer and (po,1 and (p0,2 the absolute
phase shifts of the phase conjugators in each arm. A simple comparison of the equations which relate the PI and
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CI interference signals see eq. 3, and 4 shows that both depend on the same function of the induced phase shift a,
which is the difference between the absolute phase shifts of the conjugate signals in the two non-linear media.
Therefore, if the absolute phase shift of one phase conjugate material is accurately known our interferometer
makes possible the accurate measurement of the absolute shift of any other non-linear material. The results of
phase shift measurements in semiconductor glasses is shown in figure 7. In this figure the interference signals at
the PI and CI outputs are plotted as a function of the piezolectric crystal voltage. In the left hand graph of figure
7 a sample of OG 530 glass is used as the nonlinear medium in both arms of the interferometer. The right hand
graph, of figure 7 displays the interference signal when OG 530 is used as PCI and a ruby crystal as PC2. The
results of figure 7a make it obvious that the interference patterns from the two phase conjugation outputs are in
phase. However the interference signal of the phase conjugation outputs of the two phase conjugator mirrors OG
530 and ruby is shifted by t. This immediately shows that signs of the nonlinearity in OG 530 and ruby are
opposite. It has been shown lately15,16 that the real part of X(3) in ruby is larger than the imaginary part by a
factor of ten. The shift between the OG 530 and ruby suggests that the real part of X(3) in OG 530 is also larger
than the imaginary part which corresponds well with the proposed band-filling model4

This non-linear interferometer has allowed us to measure very weak phase conjugation reflectivity signals
and consequently the calculation of the value and sign of X(3) For example we were able to measure CS2 the
phase conjugation reflectivity signals with a cw mode locked laser which was not possible to achieve using the
same laser power with the conventional degenerate four wave mixing phase conjugation experimental systems.

In summary we have presented data and prosed a model for the kinetics and mechanism of fading in
semiconductor doped glasses and explained the deviation from a theoretical quadratic dependence of the phase
conjugate reflectivity on reduced pump intensity in these glasses. We also described a novel non-linear phase
conjugate interferometer and its application to the measurement of the magnitude and phase of third-order
nonlinear susceptibilities.
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ABSTRACT

The photodissociation and geminate recombination of iodine in cyclohexane has been studied by directly monitoring the vi-
brational coordinates using transient Raman spectroscopy. Energy relaxation as a functior. of vibrational energy gap has been
measured for vibrational spacings of 210 to 130 cm - 1. These vibrational levels correspond approximately to v=3 to v=52 with
energies 740 to 9300 cm- I above the zero point level. The results support earlier experiments in that over loops is required to
completely relax the vibrational energy.

INTRODUCTION

The photodissociation and geminate recombination reaction of iodine is an excellent example of a bimolecular reaction and
has been studied for more than 50 years. In particular, ultrafast laser techniques have been extensively used to investigate this
reaction. (1-7) However, the detailed picture of the geminate atom recombination was not fully understood until very recently. Us-
ing picosecond transient absorption techniques, Harris and co workers(5-7) have shown that the photodissociation and geminate
recombination occurs in <2ps. Following geminate recombination, the vibrational decay on the X state was probed by transient
absorption spectroscopy. By comparing transient absorption data with calculated transition strengths, their experiments have
inferred that vibrational cooling is very strongly dependent on the vibrational energy gap. It was found that complete relaxation
from the top of the X state potential well into the lowest energy vibrational levels occurs on a roughly lOOps time scale.

In this paper the first direct measurement of this same reaction is presented using transient Raman spectroscopy. The
advantage of the Raman technique is that direct information can be obtained about the vibrational coordinates - the Raman
frequencies are directly measuring the vibrational gaps between the two nearest vibrational levels. An the top of the X state

potential the energy spacing between vibrational levels is approximately zero because of the anharmonicity of the potential well.
At the bottom of the potential the energy gap is exactly equal to the fundamental 12 frequency(8 ) of 212cm - 1. As vibrational
cooling takes place it is expected that time dependent Raman frequencies will be observed from zero frequency all the way out to
the fundamental 12 frequency. For a vibrationally hot 12 molecule to relax, it must transfer a quanta of vibrational energy to the

solvent. The beauty of studying vibrational cooling by transient Raman spectroscopy lies in the fact that the Raman frequencies

correspond directly to the quanta of energy that must be lost to depopulate the level. Therefore the time-dependent vibrational
distribution of the X state can be directly mapped out using transient Raman spectroscopy.

EXPERIMENTAL

The experimental details have been previously discussed.( 9-10) The picosecond laser is based on a high repetition rate(2KHz)
regenerative laser which amplifies chirped pulses from a Quantronix 416 modelocked laser. The output pulse is then compressed
by a pair of gratings which gives a laser pulse with a width of 8ps and lmJ energy at 1.0641&m. Harmonic generation in BBO
converts the fundamental laser frequency to the second and third harmonics. A free flowing jet system was used in this experiment.

The experiment was performed using pump-probe two color technology. The pump at 532nm is resonant with the B-X transition

in iodine from whih photodissociation occurs. The dynamics of vibrational cooling on the X state potential are probed at

354.7nm. The laser beams are chopped at 200Hz which allows the raw two color spectra and one color background to be obtained
at same time in a single scan. The pure transient spectrum is computed by subtracting the one color background spectra from the

raw two color spectrum. In order to subtract, the spectrum was normalized to the pure solvent bands at 354.7nm as an internal

standard. This technique is very powerful in that it can recover relatively weak transients in the presence of strong interferences
such as Raman bands from the solvent. The various time delays are provided by a computer controlled motorized delay stage.
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RESULTS AND DISCUSSION

Figure 1 shows the pure transient Raman spectrum of iodine probed at various time delays of Ops, 25ps, 50ps and 100ps, re-
spectively, following the 532nm photodissociation. There are two bands shown in each spectrum. The narrower band at 107 cm- 1

has been assigned to the transient A/A' electronic state. There are two reasons which support this assignment. First, the fre-
quency of this band is very close to the gas phase value(3-14 ) of 90/105 cm- 1 for the A/A' electronic states. Second, this band has
the same time dependence found in earlier transient absorption experiments( 4 7 ) for the species assigned to these same excited
electronic states. A detailed account of the dynamics of the A/A' electronic state will be discussed in a separate publication.

Following photodissociation of iodine, geminate recombination will form the A/A' excited states as well as X state. The
broad Raman band in figure 1 is assigned to hot vibrations on the X state. This band spans from 130 to 210cm - 1 in the Ops
spectrum. This feature clearly shows that the X state is vibrationally hot immediately after the recombination, because vibrational
population is observed over most of the vibrational levels. Calculations from the gas phase spectroscopic constants(8) indicate
that these states correspond to vibrational levels v=52 to v=3 and vibrational energies of 9300 to 740cm - 1. This experiment
therefore probes significantly higher levels of excitation than previous absorption experiments.(4- 7 )

The fact that this band only shows a broad distribution of vibrational states without any detailed structure is a result of Raman
scattering from a large distribution of vibrational states with slightly different frequencies. From calculations using gas phase
spectroscopic constants the maximum difference between two adjacent Raman frequencies is 2.3 cm- 1, whereas the linewidth
of an individual Raman band is 23 cm - 1. It is therefore impossible to resolve each vibrational level under this experimental
condition. However, the distribution of the vibrational states can be directly observed.

The X state dynamics in Figure 1 reveal two important features of vibrational energy decay. First, the maximum of the
distribution shifts to the higher frequencies from Ops to 100ps as indicated by the arrows in the figure. Shifting to the higher
frequencies means that the lower vibrational levels of the X state are more populated with time. This unambiguously indicates
that vibrational decay occurs during that time. Secondly, the distribution appears to become more narrow at later times. This is a
result of populating vibrational states with slower relaxation times which allows the population to collect in the lower vibrational
levels. As vibrational cooling takes place one would expect to observe the eventual repopulation of the lowest vibrational level of
X state. However, it must be remembered that Figure 1 is a subtracted pure transient spectrum showing only features which are
different from the normal relaxed Raman spectrum. As soon as the distribution cools into the lowest energy levels, the spectrum
becomes identical to the relaxed Raman spectrum and is removed by the subtraction procedure.

It must be pointed out that the shape of this distribution is obscured due to the uncertainties in the wavelength dependence of
the resonance Raman enhancement which will affect the relative intensities of the scattering from each individual level. However,
it is expected that the Raman enhancement for any particular level remains constant with time. As a consequence, the data in
Figure I illustrate the dynamics of the relative populations. A detailed analysis of the population decay will be presented in a
separate publication. In addition, 354.7nm is only resonant with the middle part of X state potential, which limits the vibrational
levels we can observe. An investigation of the dynamics of the top of the X state potential is in progress and the result will be
published else.

CONCLUSION

The iodine photodissociation in cyclohexane is measured using transient Raman spectroscopy for the first time. It is found
that the dynamics of photodissociation over the first 100ps is dominated by the X state vibrational cooling.
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Figure 1: Pure transient spectrum of 12 in cyclohexane obtained by subtracting the one color probe only background spec-

trum from the raw two color spectrum. In order to subtract, spectra have been normalized for transient absorp-
tion at 354.7nm using solvent bands as an internal reference. Probe is 354.7nm, 20pJ/pulse, .5mm beam waist.
Pump is resonant with the B-X transition at 532nm.; 50puJ/pulse .5mm beam waist. Time delay between pump
and probe lasers is given in the figure. The band labeled A/A' in each frame corresponds to the excited elec-
tronic states denoted as such. Frequencies aur in units of cm - 1.
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ABSTRACT

Photodissociation of iodine in CC14 heats the solvent cage immediately surrounding the solute. Picosecond Raman spec-
troscopy has been used to investigate the dissipation of this energy in the solvent coordinate by monitoring time dependent shifts
in the Raman lineshapes of the local solvent cage.

INTRODUCTION

Recent advances in ultrafast laser technology have spawned great interest in the study of solvent relaxation and its role in
chemical reaction dynamics.('- 4) In this paper, iodine in CC14 is photodissociated at 532nm resulting in the immediate (<2ps)
release of 6300 cm-1 of energy into the local solvent environment.(s) The response of the solvent cage to this excitation is directly
observed by measuring the time dependence of the solvent Raman bands using picosecond Raman spectroscopy.

EXPERIMENT AND RESULTS

The experimental details of the transient Raman apparatus(6- 7) have been previously discussed. The laser system comprises
a Nd:YAG regenerative amplifier injection-locked to a Quantronix 416 Nd:YAG mode-locked laser. Fiber-grating pair pulse
compression is used in conjunction with the regenerative amplifier to produce 15ps, 600sJ pulses at 1.25kHz repetition rate.
Frequency doubling and tripling yield the YAG second and third harmonics used as pump and probe colors.

Photodissociation of iodine molecules dissolved in CC14 is accomplished by pumping the B4-X transition with 532nm pulses
of 50;&J energy. By delaying the 354.7nm 10/sJ probe pulses with respect to the pump pulses, the time evolution of the resonance
Raman spectrum of the transients is monitored. By using a mechanical chopper to turn the 532nm pump pulse on and off several
hundred times per second, the spectrometer divides its scanning time between taking a two-color spectrum and a probe-only
background spectrum. By subtracting the background spectrum (with only ground state Raman peaks) from the two-color total
Raman spectrum (with both ground state and photoproduct peaks), a pure two-color transient Raman spectrum is obtained.
Following rapid predissociation from the B state, the iodine atoms undergo geminate recombination onto either the A/A' excited
electronic surface or the ground X state surface. The Raman dynamics of vibrational cooling on the X state potential are the
subject of a separate paper.(8 )

Pure two-color transient Raman spectra are shown in Figures 1A and lB. Since the one-color background components have
been subtracted out of the spectrum, any remaining deviation from the baseline (either positive or negative) is the result of some
transient species. For example, the bands at 105, 203, and 301 cm - 1 are the fundamental and overtones for iodine in the A/A'
excited elec!ronicstate. At this point it is appropriate to point out that the subtraction procedure must be corrected for optical
density changes due to excited state absorption. In this experiment, the 12 A/A' state has a lifetime of 2.7 ns and absorbs strongly
in the UV, as evidenced by the appearance of resonance Raman overtones in the spectrum. This transient absorption of both the
probe laser light and the Raman scattered light means that solvent solvent Raman bands will be less intense when both lasers
are present than when only the probe laser is present. When subtracting the one-color spectrum from the two-color, a single
multiplicative correction factor (chosen to normalize solvent band intensitits) is applied to the one-color spectrum.
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If the solvent bands are not modified by the photodissociation of iodine they would be expected to completely subtract out
of the spectrum. Contrary to this expectation, transient solvent bands are clearly indicated as the colored-in peaks at 227, 324,
and 469 cm- 1. By comparing Figure 1A and 1B it can be seen that these peaks decay on the time scale of the laser pulsewidth.
The normal ground state solvent Raman spectrum obtained by a one-color experiment is shown for the purposes of comparison
in Figure 1C. No amount of correction can make the solvent bands subtract completely out of the spectrum. If the solvent band
transients were due to steep wavelength dependence in the transient absorption responsible for the optical density change, then
a single subtraction correction factor would drive one solvent band (plus its lineshape change) to the level of the baseline while
leaving the other two drastically depleted. Thus the transients lying on the high frequency side of each solvent Raman band are
not an artifact of the subtraction technique. The presence of the transient solvent bands is the result of a lineshape change which
reflects the response of the local solvent cage to the iodine photodissociation.

DISCUSSION

What is the nature of these transient solvent bands? It has been found that the intensities of these bands are linear in iodine
concentration. It is therefore unlikely that they result from some undesired coherent laser phenomenon. The bands are therefore
assigned to either an I-Solvent complex formed as an intermediate step in the geminate recombination process or transient
heating in the solvent. Photodissociated I atoms which escape the cage survive for nanoseconds in the form of a solvent complex.
The fact that the transient bands in Figure 1 decay to zero (as opposed to a fixed value with a nanosecond lifetime) suggests that
an I--Solvent complex is not responsible for the transient. However since the quantum yield of cage escape is currently under
dispute(9) this possibility cannot be ruled out. Alternatively, when 6300cm -1 of energy is released into the solvent as a result of
photodissociation it is expected that the local solvent cage will be heated by the absorption of this energy. The temperature effect
on the solvent spectrum has been investigated under equilibrium conditions and the results are qualitatively the same as those
observed in the transient spectrum.

Equilibrium spectra are shown in Figure 2. Under transient conditions, the picosecond laser probes a hot cage and a cold
bulk solvent spectrum. This can be simulated experimentally by taking the change in the lineshape on heating iodine in CC14
(Figure 2B) and subtracting off the change in the lineshape on heating neat solvent (Figure 2A). These data are shown in Fig-
ure 2C. The results are qualitatively the same as those in the transient spectrum shown in Figure 1A in that all bands shift to
higher frequency. This result supports the conclusion that the transient observed in Figure 1 results from local heating in the
solvent cage.

The expected temperature increase can be easily calculated assuming 6 solvent molecules immediately surrounding each
solute and considering the heat capacity for CC14 together with the energy released on iodine dissociation. This calculation gives
a temperature jump of 1000 C to 2000 C. The latter represents the effect of additional energy released by X state vibrational
cooling. It should be noted that this is an upper limit since the partitioning between A/A' and X state recombination is not
accurately known.

CONCLUSION

The discovery of solvent Raman lineshape transients accompanying photoexcitation of solute molecules is an important
contribution to the study of ultrafast reaction dynamics in the condensed phase. Previously, solvent dynamics have been studied
by monitoring time dependent shifts in the fluorescence spectra of solute molecules in polar solvents. In other words, information
about relaxation in the local solvent environment is inferred from kinetics observed in the solute fluorescence spectrum. These very
useful studies are limited by their reliance on internal charge redistribution in the excited state of the probe molecule and by the
necessity of using a polar solvent (which can respond to the changing dipole moment of the solute probe specie). The technique
detailed in this paper probes solvent cage relaxation directly by monitoring the solvent Raman spectrum. In the photodissociation
experiments described in this paper, the dissipation of collisional energy in the solvent is studied. However, solvent Raman
lineshape changes may prove to be a very general direct measure of nonequilibrium solvent dynamics.

Given what is expected for the energy relaxation rate in the bulk solvent, it is remarkable that it is evw,,i possible to observe
a hot solvent cage with a 15ps pulse. If it is assumed that the energy in the solvent is dissipated at a rate equal to the speed of
sound(1°) in CO 4, then a rate of (.5ps) - 1 would be expected. The fact that the solvent cage is observed to contain a significant
fraction of this energy on a picosecond time scale is an important consideration for condensed phase reaction dynamics. This
result may also be a relevant consideration for the interpretation of the time dependent fluorescence measurements of solvent
relaxation dynamics.
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A) Pure two color transient Raman spectrum of 12 in CC14 obtained by subtracting one color background components from
raw two color spectrum. The filled in peaks are the transient solvent bands. Spectra are normalized to the solvent band
intensity before subtraction to adjust for transient absorption at the probe laser wavelength. Time delay=Ops. B) Pure two

color transient Raman spectrum at time delay= 15ps. C) Normal one color Raman spectrum of solvent. Frequency is in

units of cm- 1 . Dotted lines are drawn at the peak maximum of the solvent bands. The bands labeled A/A are assigned to

the electronic states designated as such which are formed as a result of geminate recombination.
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Observation of Vibrational Energy Relaxation Following Photodissoclatlon of Cr(CO) 6
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ABSTRACT

Vibrational energy relaxation following photodissociation of Cr(CO)6 at 266nm has been observed in both the Stokes and the
anti-Stokes spectral regions using picosecond Raman spectroscopy. A lOOps transient is observed which is interpreted as the time
required for the vibrationally hot Cr(CO)5 to reach thermal equilibrium after solvation in cyclohexane.

The photochemistry of Cr(CO)6 has long been studied as the prototype of metal-carbonyl compounds. In the gas phase,
Cr(CO)6 has been known to lose up to 6 carbonyl groups depending on the excitation energy. In contrast, only one CO group
dissociates i under ultraviolet irradiation in solution or matrix. With the development of new techniques such as pico and fem-
tosecond laser spectroscopy, the ultrafast dynamics of Cr(CO)6 photodissociation have recently begun to be unraveled. However,
there exists a controversy over recent studies of Cr(CO)s solvation following the photodissociation reaction in solution.

Simon et al. 2 first reported that photoexcitation of Cr(CO)6 results in the formation of solvated Cr(CO)s which appears
in a time of < 0.8 ps in hydrocarbon solvents. Their picosecond transient absorption results have been supported by similar
femtosecond experiments by Nelson et al. 3 However, the appearance time of solvated Cr(CO)s has been questioned by other
workers using both UV-visible and IR transient absorption spectroscopy.4- Spears et al. claim a much longer solvation time of
lOOps. Lee and Harris 4 suggest that vibrational relaxation controls solvation dynamics on a 17ps time scale.

In this paper we have used transient picosecond Raman spectroscopy to remove the present controversy by directly probing
the vibrational coordinates of the photoproducts. There are two processes of interest in the Raman scattering. One is Stokes
scattering which monitors the cold vibrational modes by scattering radiation at a longer wavelength than that of the incident light.
The other is anti-Stokes scattering in which the effect is the opposite of the Stokes and monitors the hot vibrational modes. If
vibrational relaxation occurs, the intensity of the Stokes signal is expected to grow while that of the corresponding anti-Stokes
signal diminishes in time. Thus the complementary observations of a growing Stokes band and a decaying anti-Stokes band give
unambiguous evidence of cooling in that particular vibrational mode. This technique is therefore very sensitive to vibrational
relaxation. 6 The experimental apparatus has been previously described in detail. 7'-

Figure 1 shows the picosecond transient Raman spectra obtained at various optical delays for 266nm excitation of Cr(CO)6
in cyclohexane. Two 5ps pulses at 266nm are used as the pump and probe pulses in this experiment. Both pulses are produced in
the same laser by injecting two seed pulses into the regenerative laser. The delay between the pulses depends on the cavity length
of the regenerative amplifier and is measured by a simple autocorrelation technique. The first pulse photodissociates Cr(CO)6
and the second probes the resonance Raman spectrum of Cr(CO)5. The reason for using this wavelength is that Cr(CO)6 has a
strong absorption band corresponding to ligand field excitation around 280nm, while Cr(CO)5 has a strong ultraviolet absorption
band for the metal to ligand charge transfer absorption at 240nm(E = 3 x 104).11 The pentacarbonyl absorption is known to be
relatively insensitive to the solvent at this wavelength. As a result, the magnitude of the transient Raman signal should not depend
on solvation. The pump and probe pulses are separated by a variable optical delay which is quoted separately in each frame of
figure 1. The spectra contain only pure transient Raman bands after removal of solvent and ground state Cr(CO)6 bands using a
spectrum differencing technique. This was achieved by alternately exciting the sample with a single interrogation laser pulse or
the double pump-probe laser pulse sequence mentioned above. The pure transient spectrum shown in Figure 1 is obtained by
subtracting the one pulse background spectrum from that obtained in the double pulse sequence. Other pertinent experimental
details are given in the figure caption.
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Comparing frames A-D in Figure 1, it is readily apparent that a single transient appears with a time scale of roughly 100ps.
The metal-CO stretch at 381 cm - 1 and the CO vibration at 1935 cm - 1 indicate that the transient is a metal carbonyl complex
which is assigned to Cr(CO)s. The bands marked with asterisks are the result of noise generated by the spectrum differencing
technique at the frequencies of the cyclohexane solvent bands. The negative going peaks are ground state Cr(CO)6 bands which
appear in the transient spectrum as a result of population bleaching. The ground state 383 cm- 1 metal-CO stretch of Cr(CO)6
appears as a bleach in the 30ps spectrum and gradually fills in at later times due to the growth of the Cr(CO)5 transient band
at 381 cm - 1. The dynamics of vibrational cooling can be investigated by comparing the Stokes and anti-Stokes band intensities.
Figure 2 illustrates the transient anti-Stokes spectrum in the region of the 381 cm- 1 band assigned to Cr(CO)s. The results
indicate that the anti-Stokes signal originates from the hot vibrational state which decays in 100ps. The observation that the
Stokes and anti-Stokes spectrum have complementary dynamics is consistent with vibrational relaxation. It may be appear that
vibrational relaxation continues until 450ps in the Stokes region. However, it should be noted that as the band grows from the
bleach at 30ps to the maximum at 450ps, more than 70% of the transient intensity has developed in l0 0 ps. The appearance
time of ground state Cr(CO)5 is therefore believed to represent the time required for the photoproduct to approach thermal
equilibrium with the solvent. This conclusion clearly removes the present controversy and also demonstrates the importance of
non-equilibrium vibrational energy with relatively long relaxation times in the condensed phase.

It is interesting to consider that our time scale is approximately the same as that observed 2 for the CO stretching vibration
in Cr(CO)6, where a relaxation time of 145±25ps was observed in n-hexane. Similar rates would be expected in these two
experiments if the latter dynamics represents the time required for energy randomization followed by vibrational relaxation
through the entire manifold of vibrational levels. There is no direct way to compare our results to the faster dynamics attributed
to vibrational decay in the transient absorption experiment.2-5 It is likely that the absorption results represent initial vibrational
decay from upper vibrational levels which have not yet been quantified.

In summary three things should be stressed from our results using picosecond transient Raman spectroscopy. First, transient
Raman spectroscopy is a uniquely powerful technique for investigating vibrational relaxation since it monitors vibrational coor-
dinates directly. Secondly, the time scale of lOOps for vibrational relaxation of the solvated Cr(CO)s is remarkably longer than
that which might be expected. Finally, the role of vibrational energy can not be ignored in the condensed phase. More details
will be presented in a future paper. In particular, the role of the solvent coordination complex in the vibrational decay occurring
in Cr(CO)s is under further investigation.
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Figure 1
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Pure transient picosecond Stokes Raman spectrum in cyclohexane obtained
by two pulse pump and probe at 266nm as described in the text. The Ra-
man intensity represents a temporal average over the pulse width of the laser
which is specified in each frame. The colored-in bands are those assigned to
solvent coordinated Cr(CO)5. Asterisks are used to denote noise due to Ra-
man bands of the solvent molecules which have been subtracted out of each
spectrum. Laser intensity was 20J/pulse at 2kHz in a 0.2mm beam waist.
Concentration is 10mM. Frequency is in units of cm - 1.
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Figure 2
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Transient anti-Stokes Raman spectrum obtained under similar conditions to
those given in Figure 1. Time delay between pump and probe pulses is given
separately in each frame. Ground state bands have been subtracted out of
the spectrum as described in the text. Spectra are normalized to the intensity
of the ground state chromium band at 532cm - t in the un-subtracted spec-
trum. Frequency is in units of cm - '.
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Abstract Tolansky's multiple beam interferometry
(4), and Nomarski's differential
interference contrast (DIC) (5). Some of

The performance of scanning optical these techniques improve the contrast by
systems in qualitative and quantitative removing the background. Others enhance
imaging is critically dependent on the image by increasing the relative
contrast and sensitivity. This paper importance of the desired "signal"
describes two specific approaches to compared with the background. The Nomrski
amplitude and phase imaging which achieve system in particular is an enduring
a significant improvement in these areas. technique as it provides for differential
The techniques are based on differential imaging of the sample accompanied by the
and linear imaging concepts. The methods automatic cancelation of the background.
offer comparable sensitivity to variations The image revealed is thus a
across samples, amounting to 1 part in a representation of variations only, a
million, in detecting reflectivity particularly desirable attribute in the
variation, and about 3 micro radians in examination of almost uniform objects.
phase changes, both in a 1 kHz bandwidth. We can approach the subject of contrast

and sensitivity enhancement in the SOM in
1. Introduction similar ways to that outlined above. Yet,

it is more instructive to address the
issue by considering two categories of

The scanning optical microscope (SOM) amplitude and phase imaging techniques.
Ill belongs to a general class of systems This paper is thus a short account of two
which aims at the non-destructive specific approaches to the subject, one
examination of various materials. The involving phase imaging, the other
desire for the examination of such amplitude imaging. The common bond
materials with the SOM stems from two between these techniques is that they are
basic needs: one is either interested in both differential in nature, and as such
imaging objects which are otherwise hard they respond only to non-uniformities. We
to "see" with normal techniques, or one shall show that the use of amplitude for
wishes to perform precision metrology on imaging can be as effective as that of
these objects on a point by point basis. phase, and the choice is normally a
Regardless of the specific need that one function of the object under examination.
has, the three main criteria for such
operations are resolution, contrast and
sensitivity. Clearly, in the diffraction 2. Differential Amplitude and Phase
limited regime, it is the latter two that
can set fundamental limits on the ultimate Imaging in the SOM
performance of the system.

In the SOM, it is quite easy to draw a The SOM can successfully be employed to
distinction between contrast and perform both amplitude and phase imaging.
sensitivity cdnsiderations, and the way Of these two categories, the former is
they affect the performance of the system. more straightt.rward, and will be
Whereas the former is primarily a function discussed later. As far as phase imaging
of the background, the latter is is concerned, resort can be made to a
determined by both signal-to-noise (S/N) number of alternate techniques: i) the
considerations, and system instabilities, direct effect of the object phase on the
This distinction, however, is rather ill- signal amplitude due to scattering; (ii)
defined in non-scanning systems, as in interferometry; (iii) use of the
either case the visibility of the details polarization of light. In this paper,
is affected in similar ways. There have phase imaging will only be discussed in
been some notable attempts at improving the context of the polarization of light.
both contrast and sensitivity in the non-
scanning world. These include the central Much attention has been paid to those
dark ground and Schlieren techniques (2), systems in which the object phase occurs
Zernike's phase contrast method (3), as the epoch of an AC signal (6-12).
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A phase sensitive detector is then used to independent, unequal phase shifts into
extract this phase. In addition, phase Eq.'s (1) and (2):
has been imaged using a scanning AC
differential interferometer {8,12). In S= A exp {i[ &)t + b sin&) t + J] (5)
that system, the phase of the object gives 'I

rise to a signal whose amplitude is S = A exp (ifJ.t + 6sintJ$ t +#H, (6)
proportional to the phase. t I.

It can readily be shown that the new
In common with some of the mentioned output would consist of a DC term as well

techniques (7), the system discussed in as a spectrum of frequencies, which are
this paper is one which utilizes the all harmonics of J(,. Furthermore, the
polarization of light. We shall now coefficients of the even harmonics would
describe the basic technique. proportional to cos(&69) as in the

previous case, whereas the odd harmoncs
would be proportional to sin(

2.1. Scanning Differential Interference Accordingly, the latter would be linearly
proportional to the differential phase.

Contrast Microscope This highly desirable effect is at the
heart of the operation of a sensitive
phase dependent system. It affords a

Regardless of its specific substantial improvement over the square-
implementation, any system utilizing the law system of Eq. (3).
polarization of light rests on the
principle that phase structure of the A particular implementation of this
object (of which birefringence is a scheme in practice is with the aid of a
special case) can be made to transform the Pockels cell (13) placed in front of the
state of polarization of the incident object. This electro-optic modulator,
radiation. Thus, a second polarizer when driven sinusoidally atoff, performs
(referred to as the analyzer) which is the phase modulation of the two
often cross-polarized with respect to the components, as desired.
initial polarization, will detect some
light. This concept is shown in Fig. 1, To perform differential microscopy
where the incident polarization is denoted using this procedure, we note that if the
by x, and the analyzer pass axis is components S.1 and S. of Fig. 1 are
denoted by y. Resolving the reflected somehow spatially separated prior to
light from the sample into two rotational arriving at the object, then the phase
components S, and Sa , we can write the difference between the two after
following expressions: reflection represents a spatial phase

differential of the object. This is, of
5 . A exp~j(6Jt +5 ]) (I) course, precisely what happens in the

conventional Nomarski microscope. It also
S = A exp(j[l&,t +0 11 (2) points to the limitations of the

conventional system which, as was noted,
where the amplitude of each component is stems from the cos( £'6) dependence of the
given by A and, in general, the epoch output. Clearly, the linearization of the
angles , and are different, output as was described above will also
Resolving along the analyzer pass axis, we solve the present problem. The essential
arrive at the following expression for the elements of the resulting system are shown
intensity of the detected light: in Fig. 2, where a topographic step is

shown as an example of the object phase
I =2 A- 1 - cos( 9) (3) structure {14).

where 6 is the differential phase The system of Fig. 2, and its fiber-
between the two components, and 4 is a optic counterpart (151, have been used to
constant. Equation (3) represents the image a number of samples. Fig. 3 shows
form of the detected output, regardless of the surface structure of a highly polished
whether the eye/video camera is the stainless steel sample obtained at f (a),
detector (non-scanning), or a photodiode and the corresponding image at 2?_ (b)
is the used as such (scanning). One can (f,=100 kHz), where, f. is the modulation
see at once that a major difficulty exi t frequency of the Pockels cell. The beam
with the output, in that for small s , used was a 633 nm HeNe at just under
Eq. (3) reduces to: 1 ).4W, and the video bandwidth was 30 kHz.

( The first striking feature of these
I0( (S) (4) results is the substantial superiority of

the linear image (3(a)). This is the
For a given S/N then, such a system experimental manifestation of the expected
rapidly reaches its ultimate s n itivity superior sensitivity of this mode of
for ever diminishing values of . operation. Another interesting feature is

the contrast reversal that can be seen
To resolve the difficulty, let us between the two photomicrographs. This is

assume that it is somehow possible to also predicted by theory. Since the odd
introduce two sinusoidal, object harmonics are proportional to sin( ),
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and tbe even harmonics are dependent on Hence the differential signal is linearly
o d), in those cases where the phase dependent on Sn. It must be borne in mind

difference is large enough to be that the basic function of the DASOM,
observable with both modalities, this namely its ability to cancel the
reversal in contrast is expected. Fig. 4 background and yield differential images,
shows the surface of a natural diamond, is not its only attribute. A particularly
with its characteristic growth ridges, significant advantage of the technique is
Fig. 5, by contrast, shows the surface of in its capability to improve immunity to
a highly polished natural diamond; the source fluctuations. Such fluctuations
straight lines across the micrographs are which are always present to varying
manifestation of the polishing process. degrees can profoundly affect the
Figures 6 and 7 show the surface performance of the SOM. To appreciate
structures of two different epitaxial this important fact, let us re-write
silicon wafers. The entire surface of the Eq. (8), and this time include a time
sample of Fig. 6 is covered by right- dependent term,±4A(t), representing laser
angled triangles, which are characteristic fluctuations:
of stacking faults. In Fig. 7, there are A 2t 2co
also some semi-circular patterns I00t'=r { A_+2(iA(t)A+ 2A ecos4)5t
originating from the corners of the : 4[A(t)] e coslst } (10)
faults. These are thought to be due to
stress induced birefringence. All these Here, we have ignored the terms in e .
micrographs were taken in a 30 kHz One can see that due to the presence of
bandwidth, the fluctuations the desired signal at

W. has an additive noise term 4&A(t)e.
This introduces an uncertainty with which

2.2. Differential Amplitude Scanning a given variation can be determined. The
fundamental limits of the detection,

Optical Microscope however, are still set by S/N
considerations. This contrasts sharply
with the situation pertaining to the SOM.

The second type of system to be The inclusion of the fluctuation term in
discussed in this paper is one which the equation furnishing the output of the
utilizes the amplitude of light for SOM results in the following:
imaging samples. In its essential 21 . 1
embodiment, a type 1 differential I dt k r { A + 4A e t 2A[SA(t)]
amplitude scanning optical microscope ±8A[SA(t)]e) (11)
(DASOM) consists of a simple SOM, modified
such that the focused beam on the object It is the second term on the right hand
performs a local sinusoidal movement side in this expression that represents
(Fig. 8) {16). The amplitude of this the disarmed signal. The third and fourth
movement is kept such that the local terms represent the fluctuation induced
excursion of the focal spot is well within error. In particular, a comparison of the
the focal diameter. This avoids second and third terms reveals that the
deterioration of the resolution (the SOM, in the presence of fluctuations
diagram highly exaggerates the spot cannot detect vari~ions in fractional
excursion) {17). Assuming now that there reflectivity below b(A) JA, regardless of
exists a small variation of the what the S/N calculations may suggest. In
reflectivity at the two extremities of the the DASOM, sensitivity is not affected,
cycle, we can represent the amplitude of only the accuracy of the detection becomes
the received light by: subject to an uncertainty of 24E(A)/(A)

(17).S =Ar( 1+ ecosset) (7)
Using the DASOM a number of samples

where A is the amplitude of the incident have been examined. Fig. 9 shows the
light, r is the mean reflectivity, e half surface of a highly polished stainless
the fractional variation in the steel, clearly demonstrating the power of
reflectivity, and IWS is the modulation the in DASOM bringing out minute details.
frequency. Noting that the output of the This micrograph of grains on steel
detector is proportional to the intensity compares favorably with those obtained
of the received light, we have: using phase imaging techniques. Fig. 10,

42 2-A shows the surface of a silicon wafer, half
I ~. = KA r {l+2ecos(6J t)+ecos (&J$t)) (8) of which was ion bombarded with Si, at a

dose of i013 / cmL The bright line in
where X is a constant of proportionality, the middle of the micrograph is the
Thus, for a small e the signal at A)e is demarcation between the two regions of the
proportional to the differential wafer. The observed contrast in this case
reflectivity. If e is considered to a be is due to the lattice disruption due to
function of refractive index variation, we the ion bombardment. Both these images
have the following relationship between e were taken in a 30 kHz bandwidth. Other
and the refractive index variation: examples of the use of the technique in

imaging and metrology are given elsewhere
e = Sn (n (1) 9) (17).

974



3. Sensitivity 6. L.B. Laub, Jour. Opt. Soc. Amer. 62,
737 (1973)

The ability of the two systems 7. G.E. Sommergren, Appl. Opt. 20, 610
described above in imaging minute (1981)
variations is now calculated. It can be
shown that in the shot noise limit, 8. H.K. Wickramasinghe, S. Ameri, and
considerations of S/N yield the following C.W. See, Elec. Lett. 18, 973 (1982)
expression for the minimum detectable
quantity, {18}: 9. C.C. Huang, Opt. Eng. 23, 365 (1984)

(hO P4 10. G. Mackosh and B. Drollinger, Appl.
S= {h ~ fF/ P} (12) Opt. 45, 4544 (1984)

where 7 is the ratio of the signal 11. R.L. Jungerman, R.C. Hobbs, and G.S.
obtained at 4)5 to that at DC. Here, h is Kino, Appl. Phys. Lett. 45, 846 (1984)
the Planck's constant, Sf is the
bandwidth, 410 is the optical frequency, 12. C.W. See, M. Vaez Iravani, and H.K.
F is the amplifier noise factor, I the Wickramasinghe, Appl. Opt. 24, 2373 (1985)
quantum efficiency, and P is the received
optical power. In the differential 13. E. Hecht, Optics, (Addison-Wesley, New
interference contrast technique, we have: York, 1987) p. 319

S2Jj(i9)( i)}/{l-J (Q)} (13) 14. C.W. See and M. Vaez Iravani, Elec.
Lett. 22, 1079 (1986)

where J0  and J1  are zeroth and first
order Bessel functions of the first kind, 15. M. Vaez Iravani, Elec. Lett. 22, 103
respectively. Thus, for 100LAW of HeNe, (1986)
5-f of 1Hz, F of 2, and of 0.8, and

using the optimum value of # {17), the 16. C.W. See and M. Vaez Iravani, Elec.
minimum detectable&S is 10-? rad. In Lett. 22, 961 (1986)
terms of topography, this corresponds to a
height variation of 5fm. For the DASOM, 17. C.W. See and M. Vaez Iravani, Appl.
( equals 2e. Accordingly, for the same Opt. 27, 2786 (1988)
parameter as above, the minimum detectable
variation of refractiva index for glass, 18. M. Vaez Iravani and C.W. See, SPIE
as an example, is 6X10-. Proc. 987, 43 (1988)

4. Conclusions

In this paper we have described two
techniques which are modifications to the
basic SOM : one responds primarily to
amplitude, and the other images phase
structures. We have shown that by
resorting to differential and linear
imaging concepts, substantial enhancement
is achieved in contrast and sensitivity.
The ultimate sensitivities of both these
techniques are found to be comparable.
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Interferometric Evaluation of Holographic Materials

Roger C. Sumner and Pantazis Mouroulis
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ABSTRACT

An interferometric method for evaluating the performance of holographic optical elements (HOE's) and
holographic materials is described. The method involves recording a spherical holographic lens, which is
then played back in a collimating mode. The wavefront arising from the lens is made to interfere with a
choice of two reference wavefronts. Analysis of the resulting interferograms provides a direct measure of
the optical performance of i. the holographic material, ii. the substrate, and iii. the HOE. All the common
measures of image quality can be obtained, including a set of Zernike polynomials that can prove useful in
quantifying the performance of the holographic material. The method can be applied for transmission as
well as reflection holograms. Test results obtained with silver halide amplitude transmission holograms are
presented.

1. INTRODUCTION

Holographic lenses and gratings are finding increasing applications in precision optical instrumentation, such
as spectrophotometers and laser scanners. In some cases these HOE's are specified to a wavefront
degradation of less than X/4. Hence, techniques for evaluating holographic materials and HOE's are needed
which can provide a precise and direct measure of the wavefront quality.

The optical performance of HOE's is often quantified through a set of aberration coefficients arising from
different recording and playback conditions [Welford, 1986]. In this type of calculation, the holographic
material is assumed to have constant diffraction efficiency throughout the range of spatial frequencies
concerned, and to introduce no wavefront distortion. The validity of this assumption cannot be taken for
granted. For example, emulsion shrinkage is known to produce astigmatism which is minimized by having
the hologram plane normal to the bisector of the angle between the object and reference beams. Also, there
are several cases where recording and playback conditions are nominally the same, in which case the
ultimate limitation comes from the recording material. It would then be helpful if the performance of the
recording material could be characterized through the usual aberration coefficients.

Some of the current methods for evaluating holographic materials include measurement of diffraction
efficiency [Lee and Greer, 1971], measurement of the MTF [Jones, 1967], the use of resolution targets
[Champagne and Massey, 1969], measurement of the signal to noise ratio [Lamberts and Kurtz, 1971].
Scanning the point image of a holographic lens has also been recently suggested as a means of evaluating
an HOE as well as some aspects of the recording material [Plaisted and Granger, 1988].

Unlike all of the above methods, the interferometric technique described here provides a direct measure of
the wavefront quality, and makes it possible to isolate the wavefront deformation due to the substrate from
that which is due to the photosensitive material.

2. DESCRIPTION OF THE METHOD

A spherical holographic lens is recorded and played back using the setup shown in figure 1. It is possible
to record a transmission or reflection lens by appropriate orientation of the film holder. The collimated (B)
and spherical (A) wave incident on the film are the reference and object beam respectively. The lens is
exposed, processed and placed in the same location for playback. Aberrations due to misalignment can
easily overwhelm all other effects [Lin and Collins, 1973], so particular attention must be paid to alignment.

Alignment: There are two cases to investigate. Case one is when the hologram is recorded in the same
interferometer being used for the analysis. For this type of hologram, an alignment technique similar to
that described by Soares [1979] is used. Both recording beams A and B are allowed through the hologram
and their interference is observed. The hologram is then adjusted until the fringes vanish or are minimized.
Since both beams travel the same path through the substrate, any wavefront deformation caused by the
substrate does not affect the fringes, which thca contain the effect of the material alone.
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The second case arises when the hologram is exposed in a different system; for example, the equipment
necessary to expose and process a novel material may not be available at the testing location. In this case,
the previous alignment scheme using beams A and B will not work, because the recording setup (i.e. the
reference and object beams and the angle between them) would have to be replicated exactly. Here, a
combination of two techniques has been found useful, namely, using a shearing plate (collimation tester) in
the reconstructed beam, as well as looking at the interference pattern between the reconstructed beam and
reference beam C and trying to minimize the number of fringes. These adjustments are complicated by the
fact that the reconstructed beam contains the effect of the hologram substrate, which can add substantial
wavefront deformation. (Up to two waves of aberration have been observed with commercial silver halide
plates across a 3cm aperture from the substrate alone.) Thus it is sometimes possible to introduce
misalignment aberrations which balance to some extent those of the substrate, or in other words, the best
resultant wavefront is obtained when the hologram is slightly misaligned. While this condition would then
represent the optimum playback for the HOE, it does not allow us to isolate the effect of the recording
material. Therefore, if the material performance is required (rather than the HOE), there are only two
options: either record and analyze in the same interferometer, as in case 1, or ensure that the substrate is
flat within the required experimental accuracy.

Evaluation: There are three interferograms to examine. The interferometer has been set up to allow
interference between any two of the three beams A, B, and C, by simply blocking the unwanted beam and
re-adjusting the variable beamsplitters for optimum fringe visibility. Beam A is the reconstructed
(nominally collimated) beam, containing the combined effect of the material and substrate. B is the
undiffracted beam through the hologram containing the effects of the substrate alone, and C is an external
reference. Thus, interference of beams A and B gives the effect of the recording material, beams B and C
give the effect of the substrate and beams A and C give the aberrations of the complete lens. We can also
obtain the effect of the recording material by subtracting the substrate from the complete lens. The
subtraction is done by the fringe interpretation software. This latter method must be used if the lens was
recorded in a different setup. It may also be more convenient to use because of some practical limitations of
the fringe digitization routine. Specifically, the fringes arising from the interference of beams A and B are
fixed; there is no means of adding tilt which can help with fringe digitization. On the other hand, beams A
and C go through an additional beamsplitter which provides this adjustment.

The equipment used to analyze the above interferograms is shown in figure 2. The frame grabber acquires
an image of the interferogram from the CCD camera, and displays that frame on the monitor. We used a
commercial fringe interpretation software package from Wyko Corp. to digitize the fringes, fit Zernike
polynomials to the wavefront, and calculate the optical path difference, the point spread function, and the
modulation transfer function.

3. RESULTS

The first step is to test the quality of the two reference beams C and B (with no plate in the path). This
can be accomplished with a collimation tester and by analyzing the fringes resulting from their interference.
The reference wavefronts were found to be flat to better than X/8 across the aperture.

Preliminary results were obtained with silver halide amplitude transmission holograms. We used first a
hologram recorded previously in a different setup, for which the Soares method cannot be used. The
parameters of the hologram are given below.

Film: Agfa Holotest 8E75
Emulsion Thickness 7gm
Plate Thickness 1.6mm

Recording Geometry: f/5, I" Aperture
Reference to Object Beam Ratio 20:1
Gaussian Apodization < 10%
Reference to Object Beam Angle 900
Beam to Film Normal Angle 450
Range of Fringe Frequencies 2100-2300 lp/mm

Processing: Standard amplitude hologram

After fringe digitization and polynomial interpolation, the program can display any of several image or
wavefront quality metrics, from which we have chosen the Point Spread Function (PSF) for presentation.
The displayed PSF gives an immediate appreciation of the image quality expected if the hologram is used in
focusing mode. Since there is very little Gaussian apodization, a perfect PSF would be the Airy disk.

Figure 3 shows the modulus of the PSF representing the combined effects of emulsion plus substrate.
Figure 4 shows the PSF that corresponds to the degradation arising from the glass substrate alone. By
subtracting the wavefront aberration of the plate from that of the film-plate combination, the performance
of the film is obtained (figure 5).
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In terms of aberration coefficients, the table below shows the first few Seidel terms which are easily
calculated from the Zernike terms. Higher order terms are not shown. All values are in wavelengths of
wavefront aberration.

substrate + emulsion substrate emulsion
(fig. 3) (fig. 4) (fig. 5)

spherical -. 4 .05 -. 39
coma .29 .52 .29
astigmatism 2 1.1 1.4

Although the emulsion performance is obtained as the difference between the other two conditions, we
cannot expect the difference between the aberration coefficients in the first two columns to give us exactly
the coefficients of the third column. This is because i. higher orders are not shown, and ii. the program
subtracts the two wavefront phase maps and then performs a new interpolation to determine the Zernike
coefficients of the difference.

Preliminary results have also been obtained for holograms recorded and analyzed in the same setup, on
Kodak 649F plates, with all other conditions similar. In this case, it is important to establish that the Soares
setup (interference of beams A and B) gives the same results for the emulsion performance as the indirect
method of subtracting the two interferograms. Our results so far support this conclusion, demonstrating the
validity of the method. Complete results will hopefully be published in the future, but the table below
gives an example.

substrate + emulsion substrate emulsion

spherical -. I -. 1 0
coma .66 .59 .16
astigmatism -1.9 -2.1 .26

For this HOE, the glass substrate is primarily responsible for the observed optical performance. The values
for the emulsion alone were obtained through the subtractive method. The interference of beams A and B
should give values very similar to those of the "emulsion" column of the above table. We observed
approximately half a fringe across the entire aperture when interfering those two beams. This is compatible
with the optical performance expected, but such an interferogram does not lend itself to precise digitization
and analysis. To obtain more quantitative measurements, either the beam angle must be increased or the f-
number of the HOE must be reduced to the point where substantial degradation is observed from the
emulsion, leading to several fringes across the aperture.

4. CONCLUSIONS

The method described provides a direct, precise measurement of the optical performance of a holographic
lens in terms of the wavefront quality and aberration coefficients. This information is very useful as
holograms are pushed to the limits of their optical performance.

The method also provides a simple yet versatile means of obtaining information about the optical
characteristics of a holographic material. The apparatus allows us to record, align, and analyze a
holographic lens, and to isolate the performance of the substrate from the performance of the holographic
material itself.

The method could prove to give useful insight into the performance limits of holographic materials. The
Zernike coefficients might be used to characterize the performance of a given material in a way that allows
the system designer to predict the wavefront degradation of the material and attempt to correct it with
additional optical elements.
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Figure I - Interferometric setup used for recording and analyzing the holographic lenses. VBS: variablebeamsplitter, SF: spatial filter, CL: collimator. Arms A and B are used during recording.
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Figure 3 - Modulus of the point spread function of HOE. The axis scales are in microns. Obtained through
interference of beams A and C.
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Figure 4 - Modulus of the point spread function of glass plate on which the HOE of fig. 3 was recorded.
Obtained through interference of beams B and C.
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Figure 5 - Modulus of the point spread function of the emulsion, under the recording and processing
conditions mentioned in the text. Obtained by subtracting the wavefront aberration corresponding to the
previous two PSF's.
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Abstract

The clinical utilization of low-power laser remains controversial despite investigations
of a variety of analgesic and wound-healing applications. Reports of laser treatment to re-
solve the abnormally low skin resistance patterns that accompany myofascial trigger points
prompted this study to compare the treatment of trigger points by laser to that by osteo-
pathic manipulative treatment (OMT). Volunteers in which soft tissue trigger points were
palpable on the thoracic dorsum served as subjects. Treatments were: 1) laser alone; 2) sham
laser; 3) OMT alone; 4) OMT + laser. The palpable quality of the area was rated on a scale
before and after treatment; skin resistance was measured at these same intervals. Qualita-
tive changes due to OMT but not laser were noted on the first day of treatment; by day 2 and
3 subjects having either treatment were equally well improved. No statistically significant
changes in skin resistance could be demonstrated during the experimental period although
there was a trend toward increasing skin resistance and in no group except sham did skin
resistance dtcrease.

Introduction

Low energy lasers are utilized to treat numerous neurological and musculoskeletal pathol-
ogies (1-12 . Their acceptance in Europe and the Soviet Union exceeds that in the United
States where FDA approval has been withheld for all but investigational applications. Re-
ports of laser treatment to resolve t e abnormally low skin resistance patterns that accom-
pany myofascial trigger points (13,14) prompted this study to compare the treatment of
trigger points by laser to that by Osteopathic Manipulative Treatment (OMT). Soft tissue
trigger points are indicative of a myofascial syndrome which is characterized by focal sites
which elicit pain in response to manual palpation. They are similarly defined in the tradi-
tional (allopathic) medical, and osteopathic literature as:

1. (Allopathic) a point that elicits referred pain on deep palpation and demonstrates a
lowered skin resistance in comparison with that of surrounding tissue (13-16).

2. (Osteopathic) a small hypertensive site, that, when stimulated, consistantly produces
a reflex mechanism that gives rise to referred pain or other manifestations. The rsponse
is specific, in a constant reference zone, and consistant from person to person
Trigger points are routinely treated by direct and indirect manipulative techniques with
and without injection of local anesthesia. Low-level HeNe laser treatment alone and in
combination with OMT were used in this investigation of soft-tissue trigger points.

Methods and Materials

Volunteer subjects (Figure 1) with palpable trigger points on the thoracic dorsum were
randomly assigned to one of the following experimental groups: 1) HeNe laser treated; 2)
Sham laser treated; 3) OMT-treated; 4) HeNe laser treated + OMT. An osteopathic physician
uninformed as to their status screened each subject for the presence of trigger points and
rated the intensity on a decreasing scale from 5 to 1. One of three templates corresponding
most closely to the size of the trigger point (Figure 2e) was applied to the overlying skin.
The perimeter was traced with non-toxic, indelible ink so that this area could be exactly
defined during subsequent treatment sessions. The template was replaced prior to laser and
sham treatment and the measured holes used for delivery of the beam or sham to facilitate
the accurate standardization of dose.
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Skin resistance measurements and physician-rating of the trigger point site were made at
the beginning and the end of each treatment session by a technical assistant charged with
the maintenance of the "blinded" aspects of the study. Skin resistance was measured at
these same times on the dorsal aspect of the upper arm midway between the acromion and the
lateral epicondial of the humerus as a control site for all groups (after the presence of
trigger points was ruled-out in this area).

Groups I and 3 received laser irradiation to the trigger point area for 15 seconds at
0.95 mW for a calculated dose of 14.2S mJ/cm 2 trigger point area. Treatment was administer-
ed by an investigator goggled to selectively exclude light at 632.8 nm. Subjects in groups
1, 3 and 4 also received ONIT directed toward resolution of the trigger point. Physicians
were directed to use standard techniques relative to the individual symptomatology since
the goal in this study was to optimize the chance for demonstrating efficacious results;
not to promote a particular technique. Thre treatments were given to all subjects; no less
than one nor more than three days apart (13,18).

A Dynatron 1120 HeNe laser with a built-in dermometer for recording surface skin resist-
ance measurements was used in this study (Figure 2a). This instrument is classified by the
U.S. Food and Drug Administration's Bureau of Radiologic Health as a Class II laser product
and a Class III medical device. Class II laser products are limited to visible lasers that
are safe for momentary viewing. Class III medical devices include new or modified devices
not substantially equivalent to any marketed before May 28, 1976. It is a visible, mono-
chromatic, red laser with a wavelength of 632.8 nm that penetrates tissue without diverging
to 0.8 mm and with some divergence to 10 to 15 mm. It is therefore a superficial physical
agent (more than 50% of the energy is absorbed by tissue located less than 1 cm below the
skin surface). At therapeutic doses for 15 to 20 seconds with a maximum intensity of 0.95
mW, the energy produced is about 14 to 29 mJ, which is substantially below the level that
will produce tissue heating.

The beam is conducted through a fiberoptic stylus probe (Figure 2b). The hollow metal
tip also serves as a transmitting electrode that conducts a small electrical signal used by
the dermometer to measure surface skin resistance. The receiving electrode is a silver
metal cylinder placed in contact with the subject in a position opposite to the transmitting
electrode (Figure 2c).

The digital meter on the dermometer was calibrated in a range between 0 and 100; the low-
er the number, the higher the resistance. Skin resistance readings generally were recorded
between 50 and 30 which corresponds to skin resistances between 150 and 300 Kohms. Sham
treatments utilized the same laser placed in sham mode via a switch in the rear of the
machine (all lights, sounds and functions were maintained identical to the operating mode
excepting the emission of the laser beam). The probe was fitted with a plexiglass guide to
standardize the depth to which the metal tip penetrated (Figure 2d). Subjects remained
prone on an examination table for all procedures. Ambient temperature and humidity were
stabilized throughout the experimental period.

Results

A two-way analysis of variance was used to compare the groups with respect to changes in
skin resistance from baseline to days 1, 2 and 3. No statistically significant differences
were found at the 5% level, although trends of increasing skin resistance (decreased meter
readings) were noted in all but the sham-treated group following the second and third treat-
ments (Figure 3).

A two-way ranked analysis of variance (19) was applied to the changes in trigger point
ratings from baseline to days 1, 2 and 3. On day 1 OMT produced significant improvement at
the 5% level (69% improved with OMT vs. 12.5% without OWT) whether or not laser was u3 ed.
There was no observable effect of laser nor was there any significant interaction between
la-er and OMT. On the basis of this result the data were regrouped and the subjects who
had ro OMT (i.e. group 1 (laser alone) and group 2 (sham laser) were tested against those
that did (i.e. group 3 (OMT alone) and group 4 (OMT + laser) with respect to percent of
subjects improved using Fisher's Exact Probability Test. The groups receiving OMT were
found to have a significantly higher improvement rate compared to the groups that did not
receive OMT (P = .003). The analyses of variance for days 2 and 3 differed from day 1 as
they suggested an improvement after both laser and OMT treatments with no interaction be-
tween treatments. On the basis of these results the data were regrouped and the subiccts
who had either laser and/or OMT treatments (i.e. groups 1, 3 and 4) were tested against
those who had no treatment (group 2) using Fisher's Exact Probability test. Subjects re-
ceiving treatment were found to have a significantly high rate of improvement compared to
those receiving no treatment on both day 2 and day 3 (P = .03) (Figure 4) and the effect of
either treatment was comparable, i.e. one could be substituted for the other. There
appeared to be no interaction between them although this thesis mlust be further investiga-
ted over a longer treatment period. None of the subjects in the sham treatment group
showed any improvement on day 2 or 3.
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Discussion

When interpreting the significance of this data it must be noted that the latter compari-
sons were not preplanned. Rather they were suggested by the data. It appears that the
effects of the laser are not as immediate as those seen following OMIT. The mechanisms by
which low energy lasers may exert their effects lre unclear. The latency we observed is in
keeping with the "stimulating hypothesis" (20,21 which proposed that certain cellular
functions must be induced before the laser effect is expressed. It is difficult to draw
clear assumptions from these results regarding alterations in skin resistance after OMT and/
or laser therapy. Some of the variability in the individual measurements originated from
the design of the dermometer (resistance meter). It is a two electrode system utilizing a
1 mm transmitting electrode with a current limit between 70 and 261 microamps. The resist-
ance of the electrodes is large in comparison to the conducted current. This study will be
repeated using alternative instrumentation (Impedance Meter, RJL Systems) for measuring skin
resistance that should increase the sensitivity and stability of the measurements and pro-
vide for external calibration of the volume through which the resistance changes are measur-
ed. Demonstration of the efficacy of either treatment modality would give support to OMT
procedures currently utilized clinically and also provide a new modality that may potentiate
certain therapeutic effects already achieved.

(This study was supported in part by the Philadelphia College of Osteopathic Medicine
and a grant from the Advanced Technology Center of Southeastern Pennsylvania. The laser was
loaned by Dynatronics Laser Corporation, Salt Lake City, Utah).
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Group Age (yrs.) Sex Weight Height
ibs. ) (ft-in)

I ILaser Alone) 22-34 M~:2 122-190 5'1"-G'
F:6

11 (Sham-Laser) 22-35 M:5 110-200 5'4"-6'2
F: 3

III 10MT Alone) 23-:34 H~:3 102-200 5'0"-6'0"
F: 5

I k (Laser + ON')) Z2-31 M:6 1245-200 4' i1"-6'2"
F: 2

FIGURE 1. PROFILE OF VOLUNTEERS SUBJECTS THAT PARTICIPATED IN THE PILOT STUDY

FIGURE 2a. DYNATRON 1120 HeNe LASER; 2b. FIBEROPTIC STYLUS PROBE; 2c. RECEIVING ELECTRODE

2d. PLEXIGLASS GUIDE; 2e. PAPER TEMPLATES
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HOE
Holographic Optical Elements

E. Stijns - S. Roose
Vrije Universiteit Brussel, ALNA - TW
Pleinlaan 2, B 1050 Brussel, Belgium.

Abstract,
Holography is known as a technique for reproducing 3-D images of objects. But holography can do more than that : holography can

be used to make lenses, mirrors ... , or in general : Holographic Optical Elements. This paper gives an introductary review of Holografic
Optical Elements. Basic principles are outlined, some attention is paid to the analysis, design and aberations. It ends with a description of
some simple applications.

1. Introduction.
Holography is a technique used for the reconstruction of wavefronts. In figure (1-a), a hologram is recorded as an interference pattern

between a divergent and a convergent beam. When a reconstruction beam illuminates the hologram, (fig. I-b), a convergent image beam is
reproduced. But you can also look at figure 1-b from the viewpoint of geometrical optics : in that language, the point Q is the image of
object point P ; in other words : the hologram acts as if it were a lens, imaging point P onto Q. In a similar way, one can construct other
optical elements : as e.g. a mirror, or a set of lenses. Consequently HOEs are optical elements which bend light ray by virtue of
diffraction, instead of reflection (classical mirror) or refraction (classical lens).

-Ho lo H010

QQ

(a) (b)

Figure 1

2, Types of HOEs.
HOEs are classified in the same way as holograms are classified (ref. 1). We will only speak of those parameters which are relevant

for HOEs.

(a) Thin versus thick.
A thin hologram acts as a surface grating : the grating equation A(sin 01 + sin 02) = k sets the direction of the ray (fig.2a). A thick

hologram ( fig.2b ) adds also some volume properties : the grating on the surface of the hologram sets the direction of the ray, and
diffraction from the volume will increase or decrease the energy of the ray, in other words the diffraction efficiency. Maximum efficiency
is obtained when the Bragg equation (which is the same as in solid-state physics) is satisfied.

Figure 2a Figure 2b

(b) Phase versus amplitude.
The hologram HOE can change the wavefront of the incoming wave, either by absorbing some pieces of it (amplitude hologram) or by

changing the phase in each point, according to some specific rules (phase hologram). Because a phase hologram doesn't absorb energy
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from the beam, the (theoretical) diffraction efficiency can reach 100 %, if volume diffraction contributes positively. Because it is very
important that an optical element transmits as much energy as possible, a HOE is always a phase hologram, and - if possible - a thick one.

3. Properties of HOEs
(a) The reflection of a light ray at a mirror is independent of its wavelength ; the refraction in a prism or lens is slightly dependent on

wavelength ; the diffraction on the other hand is proportional to wavelength So a HOE, which bends light rays by diffraction is
strongly wavelength dependent. This is an advantage when you use the HOE as a dispersive element ("holographic grating"). For
general purpose lenses, on the other hand, it is clearly a disadvantage : it is not possible to replace a camera lens by a single HOE. If you
want to use the HOE in a monochromatic application, its wavelength dependence doesn't matter : so HOEs are mostly used with lasers,
LEDs or narrow band phosphors.

(b) HOEs are very thin (- 15 rim), even the "thick" ones, and consequently very light weight. This is an important property, when
HOEs are used in scanners, in airplanes, or in space applications.

(c) HOEs can be applied on existing surfaces (e.g. on other lenses), whatever be their shape. An example is the HUD : head-up
display (see section 5.2 ).

(d) Multiple optical functions can be combined in one single HOE
(e) If photographic reproduction is possible, as is often the case, cheap mass-production can be realized.
(f) It is possible to construct a HOE for use in transmission mode, or in reflection mode, or even in both modes at the same time.
(g) Large numerical apertures are possible.
(h) A HOE, being an infinitely thin element, doesn't changes the position of a light ray, but only its angle.
(i) Although diffraction efficiency of a thick phase hologram can reach 100 %, in practice - due to constraints - this theoretical limit is

seldom realized.
(j) Because they are mostly used off-axis, and because of their strong wavelength dependence, aberations are very large ; this poses

often real problems.

4. Design and analysis of HOEs.
We have seen that HOEs can be made by simple interference of two (spherical) waves (fig 1). If the reconstruction wave is the same

as the reference wave, then the image wave is the same as the object wave. In the language of geometrical optics, we say that the point I is
the image of point C. If, on the other hand, we consider another object point C', it is not clear what will happen (fig. 3). In general, its
image I' will not coincide with its " ideal" image; in other words: aberations will appear.

LiI=Q C'_J 01

0
c=P Figure 3 C

4.1 Design and analysis of optical HOE's
As with holograms in general, a HOE can also be considerd as being a generalized diffraction grating, formed by the interference of

two light waves. At each point of the HOE, the grating vector K is given by

where r, and r 2 are the local wave vectors of the two interfering beams.

The change an incoming light wave ondergoes at the HOE can be calculated by wave or by a ray analysis.

khoI

K
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4.1.1 Ray analysis.
When the reconstruction light ray C falls on the surface of a HOE, it is deviated according to the local surface grating, into a direction I

(Image), given by the local grating equation; in other words, by the spacing and orientation of the grating "grooves". In a certain way, we
can say that Snellius' law is replaced by the grating equation. In this way, a bundle of rays, coming from an object, can be followed
through the optical system, and the image can be calculated. This is very similar to the calculation of the path of a ray through classical
lenses. In fact, some computer lens design programs do indeed incorporate HOEs in their design package. It is important to note that these
calculations tell nothing about the amount of light going into the desired direction, i. e. the diffraction efficiency. The latter property is
dctermined by the volume properties of the HOE (Bragg's law), and/or the blazing properties of the surface grating. It is also important to
note that the direction of the image ray I is only determined by the local surface grating, and (in a first order) not by the form of the
substrate on which the HOE is made. This is an important property by which a HOE differs completely from a COE (Classical Optical
Element): indeed in a COE it is the form of the surface which determines its properties.

An alternative way for ray tracing through a HOE is to consider it as being a lens. It is known that the thinner the lens, the higher its
refractive index has to be. So a hologram, which is almost infinitely thin, can be considered as a lens with an almost infinite refractive
index (ref. 2). This way of describing a HOE allows the use of normal ray-tracing programs, at least when they allow a very high index of
refraction to be used. It has been shown that this method of calculation gives correct answers, even for third order aberations.

Aberations can now be calcultated in two ways (ref. 3) :

(a) either you follow a bundle of rays through the system and calculate the intercept of each of the rays with the image plane. Such a
ray intercept image is convenient to calculate and visualizes the aberations.

(b) or you calculate, for each of the rays, the optical path length from the object plane. The surface which connects all points with the
same OPL gives the actual wavefront, which has to be compared with the ideal (aberation free) wavefront, which is usually a sphere. This
is more difficult to calculate than (a) but, because the real wavcttont is known, diffraction effects can easier be taken into account.

Ideal
wavefront

E 
actual

image (b)

(a) plane

Figure 5

4.1.2 Wave analysis.
It is possible to calculate the diffracted wave by applying diffraction theory. This has the advantage that one has in the same formula

the direction of the wave (the image) and the amount of energy (diffraction efficiency) going into it. But of course the formulas are much
more complicated than with a ray analysis. Because one knows the real wavefront, it is possible to compare that wavefront with the
aberation free spherical wavefront, and so the analytical expressions for the aberations are known. Those analytical expressions are
extremely complicated, among others by the fact that the HOEs are usually used off-axis, which means that even no rotational symmetry
exists. In order to say something about it, one makes a series expansion of the image wave in aperture and field coordinates, as is done in
conventional optics.Contrary to classical optics, however, one cannot limit oneself to third orders, but often fifth order aberations have to
be taken into account. The great problem here is that the aberation theory is very complicated and not yet fully develloped- as is the case
with COE aberation theory. So mostly people are simply using raytracing programs.

4.2 Computer Generated HOEs.
As with holograms in general, also HOEs can be computer generated. The basic idea is shown in figure 6. An incoming wave A (x,y)

is transmitted by the HOE into a transmitted wave A (x,y) T (x,y) , which diffracts to give the desired wave D (x,y) in the image plane.

A(xy A(xy)T(xy) (xy)

Figure 6
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One now looks at this set-up from the opposite side: given the desired wave D (x,y) , calculate , by invers diffraction, the
transmittance T (x,y) of the hologram for a given incoming wave A (x,y). In order to be able to do the computations, one has to sample the
wavefront D (x,y), and so one finds a sampled transmission T (x,y) of the hologram; in other words, one knows the desired amplitude and
phase of the transmission function. In order to realize this, one has to choose an encoding technique. Most popular is the detour phase
encoding technique. The hologrami is divided into cells, and each cell contains a window. The area of the window is made proportional to
the amplitude transmission at that point; and the position of the window in the cell depends on the local phase.

Those CGH are first made on a macroscopic scale (e.g. by printing or plotting them in computer), and are afterwards reduced to the
desired small scale. It is also possible to make them immediately at the right scale, by writing them with electron beam lithography. A
recent popular way to make CGH is to use a Compact Disc : punch the holes at the right places, and you immediately have a CGH!

5. Some Applications.
Because of their unique properties, HOEs will usually not replace conventional optical elements, but will rather be used in special

applications, where they are technically advantageous and economically interesting. We will describe here a few of those applications.

5.1 Holographic night vision goggles.
In normal night vision goggles, the incoming light is amplified and sent to the eyes. However, if a sudden lighting appears, the Image

Intensifier Tube lIT saturates, no image is formed anymore and the wearer has to take his goggles off in order to see anything. In order to
get rid of that problem, one can mix the amplified image with a direct image. In principle this can be done with a normal beamsplitter, but
then you have to make a choice: a high reflection gives a good amplified image, but a weak direct vision, whereas a small reflectivity gives
a weak amplified image.

Figure 7 Figure 8

Replace the beamsplitter now by a HOE. It can be designed tn give a very good reflectivity exactly at the wavelength of the plosphor
of the lIT (often 543 nm), and complete transmission at all other wavelengths ( see Fig. 8 from ref. 10)

5.2 Head-Up Displays (HUD) (ref.4 and 5).
In an aircraft a pilot has to look through the windshield in order to see where he is flying, and at the same time he needs to look at his

instruments. His job can be simplified when essential flight information is projected on the inside of his windshield, where a bearmsplitter
combines both images. Next to the problem of reflectivity (which is the same kind of problem as with night vision goggles), there is
moreover a problem of image formation. Indeed : the pilot needs a wide field of view. In classical optics this is realized by using large
lenses. However, in order to reduce the weight and the dimensions, in an airplane one uses curved mirrors, and the "combiner" is also a
curved mirror. Because the curvature is not the same in the x and y directions, much distortion is introduced. The use of a hologram solves
a lot of those problems. A HOE can indeed be designed to act as a stigmatic, non-spherical mirror, even if the substrate on which the
hologram is made is a spherical glass.

5.3 Holographic scanners.
In a " classical " scanner, the beam is moved by projecting it on a rotating polygon mirror. When this scanning is used for the reading

of a bar-code or for printing, the beam has to be focussed on the product or on the paper. Rather complicated lenses are necessary in order
to 6btain a good focussed laserspot over the complete line to be scanned (ref. 6).

Both functions can be replaced by a rotating HOE : the hologram not only deflects the beam, but at the same time focuses it! ( Fig. 9)

5.4 Optical pick-up head.
Classical optical pick-up (= CD) heads require eight discrete optical components. In a holographic head this number can be greatly

reduced, which makes it more compact and lighter (ref. 7).

5.5 Wavefront correctors.
One of the first applications of HOEs was its use for the correction of the spherical aberation of a lens (ref. 8). A hologram is made of

the image through the lens, including its aberations. When the lens is used afterwards in conbination with the hologram, an aberationless
image appears.
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5.6 Multifacet lenses.
In parallel optical processing it is often necessary to make multiple images of the same object. This can easily be done with a HOE.

Such a HOE has to function more or less as a fly's eye lens; here however each of the single lenses covers the whole hologram, so all the
lenses are superposed on the same HOE.

Optical interconnects are based on the same principle: one beam in, multiple beams out. Those optical interconnects are of great
importance for futur (optical) computers (ref. 9).

rotating
HOE

Figuur 9
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Abstract
Causing satellites to direct their transceivers at each other simultaneously without communication requires scheduling. We

provide schedules with good worst-case upper bounds for link acquisition in the presence of failures and unknown clock skews.

Introductin
This pnper investigates the problem of initialization of systems of unsynchronized, dynamic networks using softwire laser

communications. We formalize the notion of periodic schedule sets for networks and we define a worst case performance
measure miot (Maximum Link Acquisition Time) for these schedule sets. The miat measures the longest link time for a pair of
nodes in the network given the worst state of system synchronization. Our assumptions include that: 1) each node knows the
location of every other node, 2) each node has a clock that can give it precise time intervals, 3) the nodes do not have a common
time of day, 4) the link acquisition time is bounded if nodes direct their transceivers at each other. We exhibit a scheduling
strategy called Block-Interleave scheduling whose schedule sets have good linking characteristics with respect to miat. These
schedule sets give a maximum link acquisition time approximately in the order of N2/hQ where N is the number of nodes and K is
the number of transceivers per nodes. Finally we examine the conditions under which non-repeating schedule elements can be
used (a robustness condition) in Block-Interleave schedules.

Laser transceivers are desirable for space communications for a variety of reasons2'3'6 . Their high bandwidth, security, noise
resistance, and ability to concentrate signal power in a very small solid angle make them the communication medium of choice
for many space-based applications. Satellites or spa. e vehicles using lasers for communication with each other will participate in
a dynamic laser network.

Dynamic laser networks have special properties not found in traditional networks 3'10 '11'12'13' 15. Traditional networks are
typically either static, point-to-point networks or mobile, broadcast networks. Point-to-point networks may experience link or
node failures, but their base topology does not change (that is, links may go up or down, but the end nodes of a link are fixed).
Broadcast networks may be static or mobile, but have to deal with the medium access problem, since all nodes compete for the
same, shared broadcast channel(s). Laser transceivers provide the advantage of not having to share the bandwidth of a channel
with any other nodes (space division multiplexing). They also permit a node to change the direction in which the transceiver is
pointing in order to acquire a link with a different node, and thus change the base topology. If the nodes are mobile, then the line
of sight between two linked nodes may become blocked, necessitating periodic changes in the links to maintain utilization of the
transceivers. The problem of selecting which links should be established has been investigated elsewhere as the link assignment
problem ' '

8
'
9, and it is in general intractable to determine the best aSIgnment posible '

r . Dynamic laser networks are point-
to-point, yet have a changing base topology.

One particular problem in changing the links is coordinating the nodes. Since a link between two nodes cannot be established
if either node fails to direct a transceiver at its partner, both nodes must somehow agree to establish the link. If there is already
a communication path between the nodes, this problem is mitigated since nodes with free transceivers may negotiate with each
other over which links to try to establish. If the nodes do not have alternative communication paths already in place, then the
problem becomes much more difficult.
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Nodes may not have communication paths in place due to link or node failures partitioning the network, or perhaps because
the network was never connected in the first place. Worse, one of the nodes may have failed, and there is no way for the other

node to know this. In any case, nodes must use some sort of schedule for aiming their transceivers to attempt to establish 1ks.
If there is no node failure and any link is feasible, then each node can simply aim its transceivers at predetermined neigL' rs.

This will not work if there is either the possibility of node failure or link line-of-sight blockage. If all nodes have a common,

global clock, then it is easy to set up schedules so that nodes rendezvous in a round-robin fashion1 , so that even if most nodes are

inaccessible to a given node, it will be able to find the other nodes with which it can link. This method will succeed in establishing

links in O(N) time, even with only one transceiver. This is not to be confused with the traffic assignment algorithms used in

satellite traffic scheduling as in Wu15. However, if there is no global clock, this method may fail due to inopportune timing. If a
node starts following its schedule out of synchronization with the other nodes, it will never establish a link even though all the

other nodes may be viable. This is the problem investigated in this paper.
It is arguable that since the orbits of satellites are governed by very acci rate an easily calculable quantities that the satellites

know exactly where and when to find each other assuming some sort of initialization at launch time with a common clock. Thus

the system of satellites itself can be thought of as the timing mechanism by which all aiming calculations are measured.

Unfortunately, the resolution of this system may not be sufficiently fine to serve the demands of rapid targeting and retargeting of

potential links. However, since the beam dispersion of a communications laser may be such that relative satellite positions are

practically constant for the time defined by the arcs of the beam front and the receiving satellite, this problem may diminish

somewhat. In any case, we assume that there is a sufficient degree of initialization to ensure that all satellites can accurately

target one another.
We are left with the problem of the satellites running schedules for aiming their transceivers in such a way as to guarantee

link acquisition as early as possible. These schedules run on a time scale related to the fastest reliable retargeting time of the

aiming hardware and thus no sort of common initialization is possible if this time scale is finer than that of the internal clocks

used for position calculation. Also, the finer time scale is obviously much more sensitive to a momentary power irregularity as

may occur accidently or by an agent such as an electromagnetic pulse.
It should be noted that once a link is established, those transceivers used for that link cannot participate further in the

initialization process lest they loose the link just established. This strategy assumes that it is most important to dispatch pending

information over a newly established link as soon as possible. If this were not the case, then the initialization process could

continue to use all transceivers until the process completes. Then the network can set to the task of communication of more than

initialization information.
This type of scheduling problem seems to be new as evidenced by the lack of reference material from which to draw although

the problem of synchronization is mentioned in Pratt10 as a requirement for traffic scheduling. This shows the importance of

initialization in general. The assumption of no initial synchronization seems to have been ignored in the classical scheduling

problems such as job-shop scheduling or deadlock avoidance. Both of these of course can assume the existence of an absolute time

standard in terms of which all schedules can be formulated. Garey and Johnson's book5 contains a long list of scheduling

problems none of which addresses synchronization.
In this paper we first define a performance measure for this kind of initialization problem. Our measure gives an indication of

the maximum time required for any two satellites of the network to establish a link assuming a completely disconnected network

in a state of worst synchronization. We do not attempt to deal with the more complicated issue of the maximum initialization

time for the entire network in the case that newly acquired links are immediately put to use for tactical communication.

However, in the case that the system has an initialization phase and a communications phase in which the initialization phase

continues to use all transceivers (discarding links after clock synchronization), our performance measure does bound the time to

establish a completely initialized network.
Next we demonstrate a scheduling strategy we call block-interleaved scheduling whose performance is good with respect to our

measure. It achieves a reasonable link time (in the order of (N-2)2AK-2)) with no other restriction placed on the number of

transceivers than there be at least three of them.
A recurrent theme in this work deals with non-repeating schedules. We believe that these are potentially valuable from a

robustness standpoint. In the case that satellites are being rendered non-functional, schedules that repeat schedule elements run

the risk of wasting much time on link attempts. We have therefore included results that address necessary conditions for using

non-repeating schedules with block- interleave strategy.

Schedule Perfnrmanee Mex.nres

We turn now to the formalization of the concepts necessary to model the initialization problem for sets of satellites with

directional transceivers. We ignore targeting issues such as trajectory calculation as these are well studied in the literature 13 and

we concentrate on the scheduling requirements. To make matters precise, we label the satellites or nodes with indices and define

acquisition schedules in terms of these indices. The integer N denotes both the number of nodes, and the set {1,2_.,N), depending

upon the context. K denotes the number of transceivers or link elements per node. P(n,m) is the set of m element members of the
power set of {I,2,...,n}, hence the size of P(n,m) is

IP(n,m)I=c(n,m)= (1)

the binomial coefficient formula. These will be used to define and quantify acquisition schedules below.
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The symbol S& denotes a periodic schedule for node i; pi is the period of S,. An individual schedule S, of period pi for node i
within an N node, K transceiver system, is a sequence of pi elements from P(N,K) where N. denotes the set

N = 112..;1i1..N.(2)

Thus a schedule of period pi will be an element of P(N,,K)P',

s, =(Si[olsi[1]...slpi-]). (3)

For example, S,=({2,3},{2,4}) is a schedule of period 2 for N=4 and K=2. This schedule aims its two transceivers first at nodes 2
and 3, and in the next time slot aims them at transceivers 2 and 4. Note that it is a waste to use more than one transceiver to
point to a given node and therefore we assume that schedule elements do not contain repeated node numbers. It is understood
that these schedules repeat, so that the running schedule used by node i is formed by concatenating S. to itself for as many times
as is necessary. In general, for t>N, S,[tj also represents the t modulo p,-th element of si. For the example above,
S,[3j = S,[il = {2,4}.

The symbol SSC(N,K) or simply SSC denotes the class of all sets of N periodic schedules made of K element sets. Thus, any
schedule set SS in SSC(N,K) denotes a set of N schedules S,S ...... ,, one for each node. Since the schedules making up a
schedule set may have different periods, the least common multiple of these is the actual period common to all schedules in the
schedule set. Only after this period has elapsed can it be determined that a given schedule set does or does not link (see theorem
1). P denotes the period of a schedule set SS, that is,

P = 1cm {p:1 i < N). (4)

Some confusion may arise from the above notation for schedules S,. We point out here that the si's as defined above may all
have different periods, even though we often think of 5i as the schedule repeated sufficient times so that its period is P.

Link Timing
Let SS be an element of SSC(N,K). A link is established between nodes i and j during a time slot t if Si[t] contains j and Silt]

contains i. Let mt(S,,S) be the minimum such t for a pair of schedules Si and Sj,

mt(Sj,S,)=min{ t : j in S[tl,i in Silt]}. (5)

Then mlt(S.,S,) is the minimum link time for a pair of schedules that are exactly in phase. When the particular schedule S is
understood, we drop the S and write ,,t(ij). For example the schedules

S, =({2,3),{2,4),(3,4}) and

S2=({1,3},{1,4},{3,4))
have mt(S,S 2)=0 since the zero'th element of each schedule targets the other node.

For an integer r, R(S,,r) denotes the individual schedule Si rotated r units. For example, if S, is as above, then

R (S,,O)=S,, (6)
R(S,1) = ({3,4},{2,3},{2,4}), (7)

R(S,,2)=({2,4},{3,4),(2,3}), and (8)
R (s,,a) =s,. (9)

Rotations will allow us to model nodes whose clocks are skewed relative to one another. Their schedules may begin at different

times, so we will rotate one or both of the schedules to find the worst case mit of all the rotated schedules, obtaining an upper
bound on the time to acquire a link between a pair of nodes regardless of what their clock skews may be. These minimum link

times for the various rotations can expressed as mUt(R(S.,r,),R(Sj,rj)) for rj,sj=0,,...,P-i. The worst case upper bound is now
defined. The Pairwise Maximum Link Acquisition Time (pmiat) for nodes i and j of a given schedule S is defined as

pmlat(Si,Si) max{ndt(R(S.,r),R(Si ,rij) : ri,ri =0,,...,P-1). (10)

When the schedule set SS is understood we may write pmlat(ij). Example 1 (figure 1) illustrates the computation of pmiat.

To model the worst case time for a pair of nodes to establish a link we use the maximum pairwise link time for all pairs. This

gives the longest time required to establish the first link for a completely disconnected network. It may also be thought of as the

time required to link a network consisting of two unknown nodes. More precisely, miat(SS) is the Maximum Link Acquisition Time

for a given schedule set S defined as

mnt(SS)=max{pmlat(S,,S,):S ,Si in SS, (i,j) in P(N,2)). (11)

Theorem 1. If mtat(SS) is finite for some schedule set SS, then miat(SS) is bounded by the common period P=Lcmp, of the

schedules of SS.

Proof: Trivial consequence of the P-periodic extension of schedules.

We may simply write mat when the particular schedule S is understood. We illustrate with the examples in Figure 2.
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EXAMPLE 1 (N=4,K=2)

S: S, = Q{2,3), t2,4), f3,4))
S2= Q1i,31, {1,4}, {3,41)
S3= ({1,21, {1,4}, {2,4})
S4= ({1,2}, {l,3}, k2,3))

mlt(R(s,O),R(S2O)) = 1, mlt(R(S,,O),R(S,O)) = 1, mlt(R(S,O),R(S,O)) = 2,
mlt(R(s,,O),R(S 2,1)) = 1, inlt(R(S1,O),R(S,I)) = 1, mlt(R(S,,O),R(54,1)) = 3,
mlt(R(51,O),R(S 2,2)) = 2, mlt(R(S1,O),R(S,,2)) = 3, mlt(R(s,,O),R(S4,2)) = 2,
mlt(R(S, 1 ),R(S,O)) = 1, mlt(R(S1,,),R(S,O)) =2, mlt(R(S1,1),R(S,O)) =1,
mlt(R(S,,1),R(S2,1)) = 1, mlt(R(S,1),R(S,i)) =3, mlt(R(S.,1),R(S 4,1)) = 1

mlt(R(S,,1),R(S2,2)) = 3, mlt(R(S,1),R(S3 ,2)) = 2, mlt(R(S,,1),R(54,2)) = 2,
mlt(R(S1,2),R(S2,0)) = 2, mlt(R(S,,2),R(S3O)) = 1, mlt(R(S,,2),R(S,O)) = 1,
mlt(R(S1,2),R(S,,)) = 3, mlt(R(S1 ,2),R(S,,1)) = 1, mlt(R(S1,2),R(S4,1)) = 1,
mlt(R(s,,2),R(S,,2)) = 2, mlt(R(S,,2),R(S,,2)) = 2, mlt(R(S1,2),RP(S 4 ,2)) = 3,

pmlat(Sl,52 ) = 3, pmlat(S1,,S.) = 3, pmlat(S,,S,) =3,

mlt(R(S,O),R(S,O)) = 1, mlt(R(S2 1O),R(S,,O)) = 3, mlt(R(S,O),R(S,,O)) =2,

mlt(R(S'2 ,O),R(58,l.)) = 3, mlt(R(S2 ,O),R(S4,1)) = 2, mlt(R(S,,O),R(S,1)) =2,

mlt(R( 2,O),R(S3,2)) = 1, mlt(R(S2,O),R(54 ,2)) = 2, mlt(R(S,,O),R(S4,2)) =3,

mlt(R(S2 11),R(S,O)) = 3, mlt(R(S2,1),R(S,O)) = 1, mlt(R(S3,,),R(S4O)) =2,

mlt(R(S,),R(S,)) = 2, mlt(R(S2,1),R(S4,J)) = 2, mlt(R(S,,1),R(S 411)) =1,

mlt(R(S2 11),R(S 3,2)) = 2, mlt(R(S211),R(S4,2)) = 1, mlt(R(S 311),R(S,,2)) =1,

mlt(R( 2,2),R(S.3 ,O)) = 1, mlt(R(S2,2),R(S4 ,O)) = 1, mlt(R(S3,2),R(S4O)) =3,

mlt(R(S,,2),R(S3,j)) = 2, mlt(R(S2,2),R(S4,1)) = 3, mlt(R(S 3,2),R(S 4,1)) =1,

mlt(R(S2,2),R(S,,2)) = 1, mlt(R(S2,2),R(S4,2)) = 1, mlt(R(S3,2),R(S4,2)) =1,

pmlat(S2,S3) = 3, pmlat(S2,S4) = 3, pmlat(S3,S4) =3.

Figure 1.
Example 1, computation of PmlaI values.

EXAMPLE 2 (N=4,K 2) EXAMPLE 3 (N =4,K =2)
S, = ({2,3},{2,4),(3,4)) S, =({2,3}j2,4))
S2 = ((1,3),(1,4),(3,4)) 7= ({1,3},{1,4))
S3 =((1,2,(1,4),{2,4)) S3 =({1,4},{2,4))

S4 = ((1,2},{1,3),(2,3)) S4 Q (1,3),{2,3))
uv'dt ($S) = max (pmla i(ij) (.,j)inP(N,2)) =max(3,3,3,3,3,3} =3 pmla t(1,2)= max{l,1)}= 1
(from example 1) pmla t(1,3) =max1,o) 0

pmla t(1,4) =maxtoo, 1) = oo
pmIat (2,3) = max(oo,2) = 00

pmIat (2,4) = max(2,oo) = 00

pmlaf (3,4) =max{1, 1}= 1
Wnat = max{1o0,00,00,0o, 11 00.

Figure 2.
Examples of mdat calculation.

Block-rinterleavp Sehedifling
The next few results depend on a particular strategy for forcing links that we refer to as block-interleaved or BI scheduling.

With this strategy we can use simple counting and pigeon hole arguments to prove that the schedule sets have finite miot values.
The idea is that given two schedules, use some number B of consecutive elements of one nodes schedule to point to the second
node, and use every Bth element of the second nodes schedule to point at the first node. We refer to these pointing methods as
block-pointing and interleave-pointing, respectively. A schedule element will be termed i-linking if it contains i

Theorem 2. Let SS be a set of schedules all of period P, and let B be an integer dividing P such that for every pair of
schedules si and S, from SS, one of them, say S, contains B consecutive i-linking elements, and the other 5, has P/B equidis-
tant i-linking elements. Then mlai(SS) P.
Proof: Since 5, has P/B equidistant u-linking schedule elements, every B consecutive schedule elements of Sj has to include
an i-linking schedule element. Thus regardless of rotations, the B consecutive i-linking elements of S will execute at the
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same time B elements of S i with at least one i-linking element also execute thus insuring a link. By Theorem 1, mlat(SS)<P.

A simple method for generating schedule sets that incorporates the block-interleaved feature is demonstrated by the schedule
set of figure 3 (in the figure, blank element entries indicate that the particular entry is not important). Note that for every i, S.
block points to all nodes j > i, and interleave points to all nodes j <i. By the preceding theorem, mrat<P=9. We now investigate
the relevant parameters for the block-interleaved strategy with the goal of miat minimization in mind.

S, = {2,3,,t,5},{2.3,4,5},{2,3,4,5},{6,7, , },{6,7, , },{6,7,, },{, , , },, , , },{ , , , }

S2 = {1,3,4,5},{ ,3,4,5},{ ,3,4,5},{1,6,7, },{ ,,7, },{ ,6,7, },{1,,, },{,,, },{ ,, }

S3 = {1,2,4,5},{ , ,4,5},{ , ,4,5},{1,2,6,7},{ , ,6,7},{ , ,6,7},{1,2, , },{, , , ,., }

S , = {1.2,3,5},{4,, ,5},{ ,, ,5},{1,2,3,6},{4,, ,6},{ ,, ,6},{1,2,3,7},{4,, ,7},{ ,, ,7}

S5 = {I,2,3,6},{4,5, ,6},{ ,, ,6},{1,2,3,7},{4,5, ,7},{, , 7},{1,2,3, },{4,5, , },{,,, }

S, = {,2,3,7},{4,5, ,7},{6,, ,7},{1,2,3, },{4,5, , },{6,7, , },{1,2,3, },{4,5, , },{6,7, ,}
S7 = {l,2,3,4},{5,6, , },{, , , },{1,2,3,4},{5,6, , , , , },{1,2,3,4},{5,6, , },{, , , }

Figure 3.
Simple Block-Interleaved Schedule Set.

S, {2,3, },{2,3, },{2,3, },{2,3,4},{5, ,4},{5, ,4},{5,6,4},{5,6,7},{ ,6,7},{ ,6,7},{ , ,7},{, , }

& = {,3,4}{ ,3,4},{ ,3,4},{1,3,4},{ ,5,6},{ ,5,6},{ ,5,6},{1,5,6},{ ,7, },{ ,7, },{ ,7, },{1,7, }

S3 = { ,4,5},{ ,4,5},{1,4,5},{2,4,5},{ ,6,7},{ ,6,7},{1,6,7},{2,6,7},{, , },{, },{1, , },{2, , }

S, = { ,5,6},{1,5,6},{2,5,6},{3,5,6},{ ,7, },{1,7, }{2,7, },{3,7, },{ , },{, , , },{3, , }

S-5 {1,6,7},{2,6,7},{3,6,7},{4,6,7},{1, , },{2, , },{3, , },{4, , },{1, , },{2, , },{3, , },{4, , }

S' = {2, ,7},{3, ,7},{4, ,7},{1,5,7},{2, , },{3, , },{4, , },{1,5, },{2, , },{3. , },{4, , },{1,5, }

S7 = {2,6, },{3, , },{4, , },{1,5, },12,6, },{3, , },4, , },{1,5, },{2,6, },{3, , },{4, , },{1,5, }

Figure 4.
A Block-Interleaved Schedule Set Using Non-repeating Schedules.

Theorem 3. For the block-interleaved strategy, it is sufficient that the block size B satisfies B> "(N-2)AK-2)^ and that the
period P satisfies P=B2 to ensure mlat <00. In this case, miat <B2. (^z ^ denotes the least integer greater than or equal to z)

Proof: Let K(i) and K8 (i) be the numbers of transceivers used in schedule s. for block-pointing and interleave-pointing
respectively, and let R = F/B (refer to figure 5 for opposed plots of KI(i) and Kp(i)).

K1(i)+ K8(i)<K (12)

for all i. Since schedule S, has R blocks of Ke(i) block-pointing transceivers to block-point to N-i nodes, we require that

KB(i) ! "N-i/R *. Also, S has B schedule elements with which to fill each of the K,(i) transceivers with interleave-pointing
transceivers to interleave point to i-i nodes, thus we require also that K(i)-, 'i-l/B-'. The boundaries of KB(i)= ^N-iR"
and K,(i)= i- 1/B highlight straight lines which must not cros if we require (12) (see figure 5). It is therefore enough to
require the conditions defining the boundaries to hold only at the extremes i=2 and i=N-t. That is, to enqure (12) it is

enough to have K(N-I)B=N-2, and KB(N-)R=1 for the case B<R, and for the case B>R it is enough to have
KB(2)R=N-2, and K,(2)B=l (see figure 5). Now the requirement that (12) holds for all i becomes

max(Kt(N - I) + KB(N - 1),KI(2) +/KB(2)}_ K, or (13)

max{ (N-2)/B -+ I/B -, 'I/R ^+ "(N-2)/R ̂ }<K (14)
It suffices that

max{(N - 2)R,(N - 2)/B}:< K - 2. (15)

Thus B> ^(N-2)AK-2)^ and R> (N-2)A(K-2)" are sufficient. Taking B=R, we obtain P=B¢.
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Bloek-interleave Scheduling with Non-repnting Schedule Elements
It is possible to use the BI strategy with non-repeating (NRl) schedules. Here, non-repeating is intended to mean that no

schedule element is repeated within one schedule period, since the entire schedule is repeated periodically. To illustrate we use
A=7,K=3, and B=4 to come up with a schedule set NRBI with mlat<12 (see figure 4).

We now investigate the additional requirements to be met for a block-interleaved strategy to be used with non-repeating
schedule elements. We also define a notion of potential linkage, that is, the number of times a given schedule targets another
node. More precisely, L,(ij), denotes the number of elements of schedule Si that contain j. In general, Lp(ij,,j2,.jP) denotes the
number of elements of s, that target the p nodes j,,j.,... , . Recall the important parameters B,R, the block length and
number of blocks (R = P/B) respectively. We define TB(i)= "(N-i)/R" and TR(i)= '(i-1)/B ^, the per-block and per-interleave tar-
geting requirements, respectively.

Theorem 4. If BI scheduling is done with NR schedules then it is necessary that B<minLTB(y) and R <min;LTR() be satisfied.
Proof: Consider the linkage requirements of schedule S. S; block points to N-i nodes and has R blocks hence it suffices
that each block point to at least TB(i) nodes. If Si is to successfully link with these nodes then we should require that
LTB() B. More precisely, we require LTB~q(i,il] 2,...,iTB(i) B where jj2,...,TB) are the nodes targeted in a given block. A
similar argument for the interleave requirements of s; yields the condition LTR)>!R. Taking minimums over i, we obtain the
conclusion.

The set of sufficient conditions certainly must contain the conditions B<rninjLBv() and R<miniLTR(). Consider again the block
pointing requirements of S,.. We showed that LTB(i(ijl,j 2,..jTB())>_B where jj2.TBy) are the nodes targeted in a given block. Let
,,12,.,1TBF) be another set of TB(i) nodes to be targeted by another block of S,. It is possible that some of the LrB) schedule ele-
ments used for pointing to j2,.,B(.) may also point to 1,,12,...,tByi causing a deficiency of elements usable in pointing to
1,12,T(.Bi). In fact, given a fixed block, each of the remaining R-I blocks may require some of the LT schedule elements causing

an even greater deficiency. In the worst distribution, these R-I demands on a given schedule from other schedules are disjoint
sets of schedule elements and therefore the total overlap of these other schedules with respect to the fixed schedule is
LTB(j)-(R-I)L 2TB(j). This must be greater than the block size to guarantee sufficient schedule elements for targeting in the worst
case.

Co2nclu-in
We have provided a measure (miat) of schedule performance well suited to the initialization problem. Mlat is measure of link

acquisition that realistically treats the problem of unsynchronized satellites by computing the link time for the worst synchroniza-
tion of every pair of satellites and returning the worst (largest) of these.

We have demonstrated good performance characteristics for the block-interleaved schedules without requiring that K be inordi-
nately large. Since the period P is nearly / 2/K2 we see a trade-off of P and K which we may use as we like, probably preferring
small K. As for generation of the schedules themselves, it would seem an easy matter of allocation of the number of transceivers
for use as block pointers and interleave pointers and then filling in the blanks until the node numbers are exhausted. We have
also demonstrated that this strategy can accommodate non-repeating schedules thus providing a measure of robustness lacking in
repeating schedules (figure 4).
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Abstract
Wavelength encoded fiber optic sensors typically employ broadband sources and an encoding scheme in

which the value of the parameter of interest corresponds to the wavelength at which the transmission of light
through the sensor is a maximum. A principal disadvantage of this technique is that the entire spectral
distribution of light of the source and sensor output (the modulated signal) must be measured to determine
the value of the measurand. A variation of the traditional signal decoding scheme, one using multiple discrete
spectral sources and interpolating polynomials, is discussed. Experimental results are presented and
compared with theoretical performance predicifions.

Introduction
Fiber optic sensors have been developed to measure a number of different parameters such as

temperature, pressure, magnetic fields, radiation and rotation. The measurand encoding techniques typically
rely on interferometric or intensity modulation methods [1-41. An alternative encoding technique,
wavelength encoding, has been suggested and successfully demonstrated [5,6,7]. With this technique the
value of the parameter being measured corresponds to the wavelength at which the transmission of light
through the sensor is a maximum. In general, sensors utilizing this encoding scheme use a broadband light
source; the wavelength of maximum transmission is determined by normalizing the spectral distribution of
the sensor output with that of the source. A particular advantage of using this encoding scheme is that since
it isn't specifically based on intensity variation, it isn't affected by variations in the output of the light source,
such as intensity fluctuations. If the sensor also utilizes wavelength normalization (i.e., concurrent
recording of the inout and output spectra) this scheme is also insensitive to shifts in the source's spectral
distribution of light.

One disadvantage of wavelength encoding is that to obtain the spectra of the light source and sensor
output, a monochrometer or similar device must be used, and the expense and bulk of such equipment may
be prohibitive for many applications. Spillman and Fuhr used a reflective diffraction grating and a CCD
linear camera array combination to obtain the needed spectra [6]. Such optical system designs, while
effective, are unfortunately difficult to align and maintain. An alternative decoding scheme described here,
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spectral sampling, eliminates the need to record the light source and sensor spectra entirely. While the
spectral modulation encoding scheme is the same as in the aforementioned wavelength modulation schemes,
in this technique multiple narrowband light sources are used to estimate the wavelength of maximum

transmission.

Theor
The wavelength encoding sensor is based upon the introduction of a linear retardation into a light beam

polarized at 45 degrees to the retardation axes. A typical sensor using this technique is shown in Figure 1.
Collimated light from a broadband source is first passed through a polarizer set at an angle of 45 degrees
with respect to the retardation axes. The light then encounters a transducer element whose retardation value

depends on the parameter of interest, P, and a second polarizer which is set at -45 degrees. For such an

optical system with no excess losses, and an initial optical power distribution Io(X), the optical power
distribution leaving the sensor is given as:

where R is the retardation value in nm and X is the wavelength in nm. The optical systems output spectral
distribution I(X) is therefore modified for various retardation values R. The value of R can chosen so that:

R(Po) = (2n + 1)-(2)
2

where n is a positive integer and ko is the desired wavelength of maximum transmission when the parameter
of interest is Po. The intensity maximum in equation (1) will occur when (setting n = 0):

27rR
Xmax

or (3)
R(P)-= X,

2

The wavelength at which the transmission of light through the sensor is a maximum can be determined by

normalizing the output power distribution, I(X), with the initial power distribution, Io(X), and then using a
maximum value detection algorithm. If the wavelength of maximum transmission and the functional
dependence of the retardation value of the parameter of interest are both known, the value of the parameter
can be determined from Equation (3).

Rather than finding the wavelength maximum directly, it is possible to estimate where it occurs using
interpolating polynomials [8]. Multiple narrowband light sources (such as a series of laser diodes) are used

to find the relative intensities at several discrete wavelengths, X0, X1 ....x n instead of using a broadband
light source. Once these relative intensity - discrete wavelength data pairs have been obtained, a polynomial
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can be fitted through them using a least squares or Lagrange polynomial algorithm. Mathematically, the
encoding process is stated as the expression for the transmission of light through the sensor as a function of
wavelength, namely

1 A)=i=4- Cos (2tR)] (4)

Given n+1 data pairs, this function can be approximated with a poiynomial of, at most, order n such that:

F~)=P~)(5)

where Pn(,) is an n-th order polynomial. By setting the first derivative of this polynomial equal to zero, and
solving the resulting equation using an appropriate root finding algorithm, the wavelength of maximum
transmission can be determined. When the wavelength of maximum transmission is known the value of the
parameter of interest, P, can then be calculated using Equation (3)

Experiment
A fiber optic rotary sensor described previously [6] was used to test the viability of the spectral sampling

encoding scheme. The sensor configuration used for this experiment is shown in Figure 2. The output of
three lasers (Melles Griot HeNe laser, center wavelength: 632.8nm, Sharp LT021MDO laser diode, center
wavelength: 781 nm, Toshiba TOLD9201 laser diode, center wavelength 668 nm) were coupled into
100/140 micron fibers, which were connected to a 3:2 splitter. One of the fibers leading from the splitter
delivered approximately 10% of the light to a PIN detector, the light from the other fiber was collimated and
delivered to a polarizer set at an angle of 45 degrees. The light passed through the transducer element of the
sensor, which cor "ted of a stack of waveplates (total on axis retardation value: 1860 nm), mounted on a
rotating base plate. The light then encountered a second polarizer, set at angle of -45 degrees. A second PIN
detector was used to record the intensity of light at the sensor output. The retardation value of the transducer
element is given by the expression:

R()=_ R__o (6)
cos

where Ro is the retardation value when the rotation angle of the waveplates, 0), is zero. If the wavelength of
maximum transmission is known, then the rotation angle can be calculated from the expression:

S= cos,3 o ) (7)

The experiment consisted of setting the waveplates to a known rotation angle and then turning on the
lasers, one at a time, to determine the relative intensities of light transmitted each wavelength. These data
points were plotted, and a second order polynomial was fitted through them. The wavelength maxima were
then estimated as described above. Figure 3 shows a plot of the waveplate rotation angle versus the
wavelength of maximum intensity for both the theoretical and experimental data. Once the wavelength
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maxima were determined, the estimated rotation angles were calculated using Equation (7). Figure 4 shows
a comparison between the actual and estimated rotation angles.

For this experiment the rotation angle of the waveplates was restricted to between 15 to 35 degrees
(maximum full-scale error of less than 4%) to allow the wavelength maxima to occur in the range between
the laser output wavelengths. A larger range of angles could be correctly detected, and possibly greater
accuracy, if additional laser sources are used.

Conclusions
A fiber optic rotary sensor using a spectral sampling decoding scheme was demonstrated. The spectral

sampling encoding scheme combines some of the advantages of intensity and wavelength encoding. Since
the measurand is not directly encoded as an intensity modulation, this scheme is not affected by variations in
the light intensity whether it is due to source variations or fiber connector or splice degradation.
Demonstrations of the spectral smapling decoding technique with a wavelength encoded rotary position
sensor showed performance levels equal to the previously demonstrated grating - CCD systems. The
system proved simpler to align and more optically "stable" than the grating - CCD scheme. Rotation angles
over a 20 degree range were correctly determined with less than 4% full-scale error. A greater range and
accuracy is possible if additional light sources are used.
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AbstractPicosecond electrical pulses on coplanar transmission lines generated by femtosecond laserpulses have very sharp rising edges but longer tails dependent on the carrier lifetimes.It is difficult to limit the carrier lifetimes below one picosecond. To obtain enhancedfar-infrared power in the frequency band above 1 T1z a "frozen wave" design with fast alter-nation of rising edges from positive and negative lines is proposed. Details of the design
are discussed.

LASER PULSE EXCITATION

(DETECTETO

bA FEW TENS OF MIERONS

Fig.1: "Frozen wave" pulse generation in a triple strip line.
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Opto-electronic Pulses

Opto-electronic pulses are usually generated by a laser pulse focussed between coplanar
metallic transmission lines on a photoconductor such as Silicon or GaAs. The metallic
strips have widths and separations of a few microns. One of the strips has a dc bias, the
other is connected to ground. The charge carriers generated by the laser photons drift in
the static electric field between the lines and are collected by the metal strips, thus
forming the socrce of a transient electrical signal on the strips. The duration of this
transient pulse is determined primarily by the carrier relaxations in the photoconductor.
After completion of the laser pulse, which can be much shorter than a picosecond, the
current may continue to rise by a redistribution of the carriers over the band states:
carriers originally injected in states far from the band edges, where the mobility may be
low, undergo elastic scattering which may lead to an increasing average mobility and length-
en the rise time of the pulse. However, by choosing the best photoconductor and by optimi-
sing the laser frequency it should be possible to keep this rise time shorter than a tenth
of a picosecond. The decaying part of the pulse, on the contrary, can not be made shorter
than about one picosecond. It is governed by the capture time of the charge carriers which
is always longer than a picosecond, as shown in a recent review article of D.H. Auston(1).
For example, radiation damage caused by bombardment with 0- ions can reduce the free carrier
lifetime in Silicon drastically, but the effect levels off at implantation doses above 101'4
cm -' and the limit lifetime is about one picosecond. It follws from these data that opto-
electronic pulses have a minimum width of the order of one picosecond but the shape can be
asymmetric, with a faster rising and a slower decaying edge. In principle therefore it
should be possible to superimpose pulses of different polarity in such a way that a very
sharp pulse is obtained. A realisation of this possibility by means of a multiple strip
line is discussed in the following section of this paper. The multiple strip line is
designed to generate a "frozen wave", a pulse train of which the fundamental pulse width
as well as the number of pulses can be varied.

Multiple Strip Line Design

The basis structure of the design is shown in fig. 1.

The structure consists of three parallel conducting lines on a photoconductor substrate,
with line widths and separation of the order of 10 microns. The central strip is grounded
and the others are polarised with opposite d.c. potentials of the order of ten volts. The
outer strips are deposited on a structure consisting of regular alternations of the bare
photoconductor surface and insulating pads. The structure is arranged so that the central
strip is exposed to currents injected alternatively from left and right. A laser pulse
covering a region of many alternations will trigger simultaneously the flow of currents
from the contact zones of the outer lines toward the central line and thus generate a
"frozen wave" potential alternation which is propagated along the line with the wave veloci-
ty of the strip line structure. To obtain a fully developed wave train, with maximum ampli-
tude, the length of the oxide pads must be adapted to the current rise time. For a wave
velocity of 108ms-land a current rise time of 3.10 - 13 s the oxide pads should ideally be 30
microns long. The advantages of this type of optoelectronic generator over the usual type
with a single point-like source are obvious:
i) high frequency components of the spectrum are enhanced because the relativity slow
current decay is replaced by an opposite current rise
ii) the overall length of the wave train is a design parameter and it is therefore possible
to adjust the width of the far irfrared spectrum
iii) larger laser powers are admissible because the laser beam is spread over a larger sur-
face area.

A realisation of multiple strip line structures on radiation damaged Silicon on Sapphire
wias recently completed and the results of the tests will be published in the near future.

References:
(I) Ultrafast Optoelectronics

D.H. Auston in "Ultrashort Laser Pulses"
Vol. 60 of Topics in Applied Physic
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Abstact

The problem is to produce suitable light pulses for time-of-flight laser range finders. These pulses can be achieved with
a semiconductor laser and suitable pulsing electronics. The laser pulse should be square and of length 5-10 ns. Its time and
amplitude jitter and change in shape should be as small as possible. Two types of transmitter electronics are studied here:
an avalanche transistor with a delay line and a combination of an avalance transistor and a VMOS transistor. Measurement
results are shown for both types of transmitter. The latter type is shown to have significant advantages over the previous type
and for these reasons provides an especially suitable transmitter circuit for a situation, in which it is desirable to be able to
change the pulse current while keeping shape stable..

Introduction

A semiconductor laser is a suitable light source for TOF(time-of-flight) laser rangefinders at short and medium distances
(< 100 m from passive targets, < 1 km from active targets) /Ahola82/,/Mitt!88/. A laser rangefmder consists of a trans-
mitter, a receiver, timing discrimination electronics and a time measuring unit. The properties of the transmitted optical pulse
are important for the operation of the whole rangefinder, as the other parts of the rangefinder demand specific properties with
respect to the shape and length of the laser pulse.

The relevant properties of laser pulsers are: fast variations in pulse power (amplitude jitter), slow variations in pulse power,
time jitter and variations in the shape of the pulse. The effect of amplitude jitter on range measuring accuracy can be eliminated
by using suitable means of timing discrimination (constant fraction discriminator, CFD). Variations in the shape of the laser
pulses may affect the resolution and accuracy, because the operation of the CFD is adjusted for a certain shape and length
of pulse, so that variations from these values may cause errors. The importance of time jitter depends on the type of time
measuring system selected. When a digital time measuring system is used, time jitter is desirable and it often has to be increased
by some means, so that the oscillators of the transmitter and the time measuring system are not in the same phase. With an
analog time measuring system, however, the time between two successive pulses emitted from the transmitter should be stable.
A change of temperature will cause a variation in the optical pulse power of the laser and, especially when avalanche transistors
are used, changes in the shape of the pulse. Slow amplitude variations should be compensated for by changing the pulse current
going through the laser, if desired, so that the optical pulse power remains unchanged.

The resolution of the distance measurement depends on the slew rate of the rising and falling edges of the pulses and
the S/N ratio of the pulses received. In theory, both the rising and falling edges should be as fast as possible when both edges
are used in timing discrimination. The length of the pulse should also be as short as possible, so that the temperature of the
laser remains sufficiently low and high pulse frequencies can be used. The timing discriminator and the time measurement
units usually consist of ECL logic circuits and fast amplifiers. The bandwith of these circuits is limited to 200-500 MHz and
this determines the minimum length of the light pulse. The pulses should be sufficiently long to ensure proper working of
the timing discrimingtion and the time measurement electronics. In practice 5-10 ns has proved to be suitable length.

Fast swithing elements are needed to produce fast laser pulses. These are usually avalanche transistors, bipolar transistors
driven by fast amplifiers, MOSFETs or thyristors. Vertical MOSFETs are particularly promising components, with charac-
teristics that are improving year by year. Power MOSFETs can handle high powers, currents and voltages and have a wide
bandwith, amplification and high input impedance. Also, the turn-off delay in switching operation is short.

This paper frst describes the traditional ways of producing current pulses for semiconductor lasers and then presents a
new type of circuit, which combines an avalanche-transistor and a MOSFET. Some performance results obtained from the
latter circuits are given.
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Ways of producing current pulses for semiconductor lasers

Semiconductor lasers can be divided into two groups: CW (continuous wave) and pulsed lasers. A common type of the
pulsed laser is the SH (single heterostructure) laser, which typically has a maximum pulse length of 200 ns, a driving current
of I A - 50 A and a maximum duty factor of 0.2 %. Another type is the DH (double heterostructure) laser, which can be
either a CW or a pulsed laser. The maximum duty factor of a pulsed DH laser is large compared with the SH types, 6 %
at maximum. The optical pulse powers of the DH lasers vary in the range of 10 mW - 5 W and their driving currents in
the range 100 mA - 5 A.

A general method for producing fast current pulses to low-impedance loads such as semiconductor laser, is shown in
figure 1. A capacitor C is charged to a voltage V and connected to a laser with a fast switch. The slew rate and the maximum
amplitude of the current pulse depend on the voltage switched, the capacitance of the capacitor, the inductances of the connecting
leads and the internal resistance of the switch. When large currents are needed, the on-state resistance of the switch is usually
the limiting factor. The width of the pulse can be adjusted by changing the width of the driving pulse of the switch (when
the switch is a MOSFET), or changing the capacitance of the decharged capacitor (when the switch is an avalanche-transistor).
A delay line can also be used as a decharged element, in which case the width of the current pulse is approx. twice the electrical
length of the delay line.

Vec

VR VSW Z (a delay line

F R or a capacitor)

RECHARGING LTc 'inj

R R
(lod)

Figure 1. Figure 2.

A commonly used fast switch is a bipolar transistor, which makes use of the avalanche breakdown between collector and
emitter/Silver67/,/Herden76/, /Rein77/ (figure 2). Avalanche transistors are normal bipolar transistors (usually fast switching
transistors), which are used at a operating voltage much larger than the normally rated operating voltage. The rising time of
a current pulse switched with an avalanche transistor is typically below 1 ns. In /Vanderwall74/ a rise time of 120 ps is achieved
with a current amplitude of 40 A. When a capacitor is used as a decharged element and the properties of the avalanche tran-
sistor approach those of an ideal switch, the falling edge of the current pulse is exponential. When a delay line is used instead
of a capacitor the current pulse is square /Waugh 81/. The characteristic impedance of the delay line must be adjusted to
be the same as the impedance of the load, so that the pulse produced will be as symmetrical as possible, without reflections.
The current switched is determined by the impedance of the delay line and the operating voltage. The delay line also has
a few drawbacks. When its impedance need to be changed, the whole delay line must be constructed again. The delay line
can be fabricated as a microstrip line, from separate components (capacitors and inductors) or from coaxial cables. The delay
line is often large in size compared with the other parts of the transmitter. One drawback of an avalanche transistor is that
the avalanche properties of a bipolar transistor may vary greatly between types and also between different examples of the
same type. The life times of avalanche transistors can also be short, because their operating voltage is significantly larger
than in normal operation and they are used to switch large currents.

Power MOSFETs are especially suitable for fast switches, because minority carrier storage time does not cause turn-off
delay like as in bipolar transistors. In practice, the limiting factors for the slew rate of a pulse switched with a MOSFET
are the time needed to charge the gate capacitances of the MOSFET and the voltage losses caused by the lead inductances.
Vertical power MOSFETs, such as VMOSFETs and DMOSFETs, may have small on-state resistances and on the same time
reasonable gate capacitances. Because of the vertical structure of the power MOSFETs they have a high current handling
capability relative to their circuit area. Power MOSFETs can also tolerate high operating temperatures and their on-state
resistance has a positive temperature coefficient, which ensures their safe operation when switching large currents. If it is desired
that the rise time of the pulse switched with a MOSFET should be a few nanoseconds at maximum, the charging current of
the gate capacitances must be several amperes, because the value of the capacitance between the gate and drain is multiplied
by the Miller effect in the linear transfer region of the MOSFET.
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Circuit A: a combination of an avalanche transistor and a delay line

The goal was to investigate the operation of several transmitter circuits, which would be suitable for pulse currents between
0.5 A and 5 A. Suitable light sources in this current region are LEDs and CW and pulsed DH lasers. The pulsing frequencies
used were between 100 kHz and 1 MHz. The delay lines tested were a) a delay line consisting of two coaxial cables, b) a
delay line constructed with capacitors and inductors, and c) a strip-line. The circuits were tested with resistive loads, and in
the c) case, a LED. The measurements were made with a Tektronix 2465 oscilloscope with a bandwith of 300 MHz. The
input impedance of the oscilloscope was 50 Q and the pulse was measured over a 1 0 resistor connected in series with the
load.

The avalanche transistors tested were the types 2N3704, 2N2369, 2N5179 and BFR96, selected on the basis of the literature
/Vandre77/,IAndrews74/. The types 2N5179 and BFR96 seemed to be especially interesting. The Motorola 2N5179 transistor
was measured to work in avalanche operation at supply voltages between 50 V and 100 V. A suitable voltage proved to be
60 V. The Philips BFR96 is an RF small signal transistor, the avalanche region of which started at a supply voltage of 30
V. A voltage of 48 V was used in the tests.

In the first circuit two 58 cm coaxial cables connected in parallel were used as a delay line, giving a characteristic
impedance of 25 Q. The avalanche transistor was of the type 2N5179 and the supply voltage was 60 V. When the load
impedance was a resistor of approx. 20 Ql, the FWHM (full width half maximum) of the current pulse was 6.3 ns and, the
rise time 1.3 ns and the pulse current 0.75 A (Figure 3).

In the second circuit the delay line was constructed with 22 nH inductors and 220 pF capacitors, and consisted of three
LC pairs. The calculated characteristic impedance was 10 Q. The avalanche transistor was of the type 2N5179 and the supply
voltage was 60 V. The rise time, FWHM and amplitude of the current pulse measured with a 10 fQ load impedance were
2.2 ns, 6.3 ns and 2.3 A respectively (Figure 4). The fall time of the pulse was clearly slower than with the coaxial cables.
This may be due to stray capacitances in the circuit. The rise time of the pulks with a separate component delay line was
a little slower, than in the situation in which only one capacitor was used as a decharged element.

The third delay line was constructed from 75 um thick circuit board. The characteristic impedance of this microstrip
delay line was 3.5 0 and the electrical length 10 ns. The characteristic impedance was calculated with the formula presented
in /Coekin75/, p. 68. The avalanche transistor selected was of the type BFR96, the supply voltage of which was 48 V. The
amplitude of the current pulse was 600 mA, the FWHM 11 ns and the rise and fall times of the pulse approx. 1 ns (Figure
5). The load used in this circuit was a LED of type Asea lAll7DH.

The current pulses achieved with these delay lines were of a suitable shape for transmitters for use in distance meters,
but the physical dimensions of the delay lines became too large. This was especially true of the coaxial cable delay line, if
small characteristic impedances are desired. One good feature of the microstrip delay line is that the characteristic impedance
may be adjusted accurately by changing the line width.

Figure 3. Figure 4. Figure 5.

Circuit B: a combination of an avalanche transistor and a VMOSFET

The goal in constructing the combination of a avalanche transistor and a MOSFET was to exploit the good characteristics
of both. The large current pulse of the avalanche transistor charges the gate capacitances of the MOSFET rapidly, so that
the rise time of the current pulse switched by the MOSFET is small. The load current can be changed by altering the supply
voltage of the MOSFET.

The circuit is presented in Figure 6. The pulse to the MOSFET is taken from the emitter of the avalanche transistor.
One part of the current going through the avalanche transistor, when switched from the off to the on state, goes through the
emitter resistance to ground and one part charges the gate capacitances. Once the MOSFET has moved from the linear region
to the saturation region, loading of the gate capacitances has very little effect on the on state resistance of the MOSFET. The
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emitter resistance is chosen so that the gate capacitances will decharge at the same speed during switching from on to off as
when charging from off to on. The width of the pulse can be altered by varying the value of the decharged capacitor of the
avalanche transistor. A square switched pulse can be achieved with a suitable combination of capacitor and emitter resistance
in the avalanche transistor.

The MOSFETs tested were Siliconix VN88F and International Rectifier IRF512. The VN88AF in particular has small
gate capacitances compared with its high current handling capability and a small on-state resistance. According to the data
sheets, the IRF512 reaches the saturation region at a smaller gate-source voltage than the VN88AF. The avalanche transistor
was the 2N5179 in the circuit presented in figure 6. The supply voltage of the avalanche transistor was 60 V, which proved
to be especially suitable, because the same voltage could be used to the MOSFET. The measurements proved that the larger
gate capacitances of the IRF512 slowed down the rise time of the current pulse switched by it considerably. The IRF512 would
probably have needed a larger driving current, than the 2N5179 was able to give. Consequently the VN88AF was used in
this circuit. The load for measuring purposes was a pulsed DH laser, ITrLBI-02, protected against negative voltage spikes
with two fast schottky diodes connected in parallel with it. The pulsing frequency of the circuit was 1 MHz, generated with
an ECL oscillator. The outgoing pulse from the ECL circuit was used directly to drive the gate of the avalanche transistor.

The current pulse measured over the current limiting resistor of the laser is presented in the Figure 7. The rise time is
1.4 ns, fall time 1.4 ns and FWHM 6 ns. The effect of the rise time of the oscilloscope is taken into account in these values.

60V 15 -75V

10k 330pF 470 Laser
100 nF ITT LB1-02

2N5179
in- VN88AF 1 nF

2.2 nF4

51

chottky schottky R

Figure 6. Figure 7.

The amplitude of the current pulse to the load is presented in Figure 8. The values are measured using a pure resistive
load, without a laser. The amplitude of the current pulse varied in the range 1:3 when the supply voltage of the MOSFET
was altered in the range 1:5 (15-75 V). Figures 9 and 10 present measurements of the rise time and FWHM of the current
pulse at varying MOSFET supply voltages, Because of the Miller effect, the rise time of the pulse varies a little when the
supply voltage is changed.

The rise time, FWHM and amplitude of the current pulse as functions of temperature were measured in the temperaturre
range -15 "C - +40 C with a resistive load. The rise time and FWHM remained unchanged within the limits of measuring
accuracy (Figures 9 and 10), but the amplitude decreased by 5 %, whim the temperature was changed from -15 C to +40
'C (Figure 8). This was probably caused by the positive temperature coefficient of the on-state resistance of the MOSFET.

The temperature dependence of the optical power of the laser was measured in two ways. The first measurement was
performed by adjusting the supply voltage of the MOSFET so that the optical power of the laser remained unchanged, when
the temperature was changed (Figure 11). The resulting variation in supply voltage was 10 % in the temperature range -40
"C - +20 *C. In the second measurement the supply voltage of the MOSFET was kept constant, in which case the optical
power of the laser changed by 45 % in the same temperature range.

The measurement results show that the combination of an avalanche transistor and a VMOSFET produces a practicable
transmitter circuit, as the shape of the pulse changes only slightly upon alteration of the supply voltage of the MOSFET or
the ambient temperature. The width of the current pulse decreases by 15 % when the pulse current is changed from 1.3 A
to 4.5 A. This happens, because the on-state resistance of the VMOSFET increases in larger currents. At the same time,
the rise time varies in the range of 1.15 ns - 1.45 ns. This is mainly due to the Miller effect in the operation of the VMOSFET.
Changing the temperature does not significantly affect the FWHM or the rise time of the current pulse, but it does affect
the peak amplitude of the pulse current. If higher currents are needed, several VMOSFETs can be connected in parallel, but
the type of avalanche transistor must also be changed in order to increase the value of the current injected into the gates of
the MOSFETS. The properties of the MOSFETs must be match 'd in some way., otherwise they do not switch on at the
same time and the value of the current does not increase. One possibility is to measure the values of the parameters VP and
I S for each VMOSFET and select those components which have same parameter values.
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Conclusions

It is concluded, that the first transmitter circuit type, an avalanche transistor with a delay line, has only limited possibilites
to change the pulse current. If the width of the pulse must be changed, the whole delay line must be constructed again. Also
the size of the delay line is often too large. The new pulser type presented, an avalanche transistor and a VMOSFET, has
some advantages over the previous type. The pulse current ;an be changed in the range of 1 A - 4.5 A without changing
the components. In this current range, the shape of the pun-. remains almost stable. Temperature variations affect only slightly
to the amplitude of the pulse current and no significant effects can b-. detected in the width or rise time of the pulse. If higher
power levels are needed, several MOSFETs can be connected in parallel. At the same time, the current of the driving pulse
must also be increased in order to ensure fast switching speeds. The circuit is suitable for a general type of transmitter and
for eliminating variations in the optical power of the laser in response to temperature changes.
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C02-LASER-INDUCED HOMOEPITAXY OF AMORPHOUS SILICON FILMS
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ABSTRACT

We have demonstrated that C02 laser radiation can be used to recrystallize deposited amorphous
silicon films into epitaxial layers. Normal furnace annealing of these amorphous silicon films leads to the
formation of polycrystals, rather than a single-crystal, due to the presence of impurities and the native
oxide at the amorphous/crystalline interface. Using C02 laser pulses, defect-free epilayers were formed
with thicknesses greater than 15000 A, which is much larger than the previous work reported with
Nd:YAG and ruby lasers.

INTRODUCTION

Epitaxial growth of amorphous silicon layers on silicon can be achieved by thermal annealing if the
samples have intrinsically clean interfaces [1]. However, when the amorphous films are deposited onto
crystalline silicon substrates in a conventional vacuum chamber (10-6-10-7 Torr during evaporation),
there are contaminants at the interface of the amorphous film and single-crystal substrate. Thermal
annealing of these samples leads to the formation of polycrystalline films, instead of epitaxial regrowth.
Laser pulses from a Nd:YAG (at 1.064 and 0.532 Am) 13-41 and a ruby (at 0.694 gm) [5-71 laser have been
successfully used to induce epitaxial regrowth of amorphous silicon layers that were vapor-deposited
onto single-crystal silicon. At these wavelengths the laser radiation is strongly coupled to the amorphous
Si, and a thin surface layer having a thickness of several hundred to a few thousand angstroms is heated
to high temperatures by the pulse. For pulse-energy densities exceeding a threshold value, the entire
film is melted and liquid-phase epitaxial regrowth occurs from the underlying single-crystal substrate.
For film thicknesses less than about 5000 A, one can obtain a defect-free epitaxial layer for Si substrates
cleaned by a variety of techniques, including HF oxide removal [3,6], argon ion sputtering [5], and argon
ion sputtering followed by a high-temperature anneal [4]. However, for film thicknesses greater than
about 5000 A, it is difficult to deposit enough pulse energy in the amorphous layer to completely melt
through the layer without causing surface decomposition due to vaporization.

In this paper results are reported showing that epitaxial regrowth of amorphous Si films can also be
achieved using a pulsed C02 laser operating at a wavelength of 10.6 Aim. At this wavelength high-
resistivity amorphous Si is relatively transparent, and the energy contained in the laser pulse is absorbed
via free-carrier transitions within the underlying doped single-crystal substrate. For heavily doped
crystalline silicon, the absorption coefficient at 10.6 Aim is in the range of 104 -10 5 cm- 1 , and the pulse
energy is deposited within a depth of several thousand angstroms below the amorphous Si film. At
sufficiently high C02 pulse-energy densities, the temperature of the crystalline Si near the
amorphous/crystalline Si interface exceeds its melting point (1410 0 c). Because the melting point of
amorphous Si is about 200 oC less than crystalline Si, the heat transport from the hot (- 1410 oC) buried
layer rapidly drives the melt front from the a-Si/c-Si interface toward the free surface. For all the layer
thicknesses studied in this work, the melt front is driven throughout the entire a-Si film whenever there
is melting of a portion of the crystalline substrate. Solidification of the molten layer occurs by homoepi-
taxy from the underlying liquid/solid interface. Using C02 laser pulses, we have demonstrated that
amorphous silicon films having thicknesses exceeding 15000 A can be crystallized, which is a factor of
three larger than the maximum thickness achieved with a Nd:YAG or ruby laser.12-71
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EXPERIMENT

The samples used in this study are 340-g.m-thick, boron-doped (111) single-crystal silicon which,
prior to ion implantation, had a bulk resistivity of 0.0073 0-cm. This corresponds to a hole concentration
of about 2-3 x 1019 cm- 3 . The samples were ion implanted on one side by 7 5As+ at an energy of 260
keV to a dose of 2 x 1016 cm- 2 , resulting in an arsenic profile that is peaked at 1410 A from the surface
and has a standard deviation of 540 A. The arsenic implantation produces an amorphous layer with a
thickness of about 2150 A, followed by a narrow band of dislocations. The samples were next thermally
annealed at 873 K for fifteen minutes to induce solid-phase epitaxial regrowth of the amorphous layer
and to increase the fraction of electrically active arsenic. This step greatly increases the coupling of the
CO 2 laser radiation to the arsenic-implanted layer.

The arsenic-implanted wafers were cleaned prior to evaporation by sequential immersions in basic
and acidic peroxide solutions to remove organic and metallic contaminants. The wafers were next
immersed in a solution of HF:H20 (1:10) and then rinsed in deionized water. Within in a few minutes, the
samples were loaded into an evaporator. The evaporation was carried out at a pressure of about 10-6
Torr. High-purity polycrystalline silicon was deposited onto the substrates by an electron-gun vapor
source. The thicknesses of the evaporated high-resistivity amorphous layers ranged from 5000 to 35000
A for the different runs.

Laser irradiation was performed with a gain-switched, TEA C02 laser operating a wavelength of 10.6
lIm. The laser was operated with a low nitrogen content in the gas mix, so that the amplitude of the long
tail on the pulses could be greatly suppressed. About 70 % of the energy in each pulse was contained in
the form of a nearly Gaussian peak of 60-ns duration (FWHM). The remaining 30 % of the pulse energy
was in a second pulse that was delayed by about 300 ns from the first pulse and had a duration of 250
ns (FWHM).

The output pulse was diverged by a spherical convex mirror with a 1-m radius of curvature. The di-
verging beam was later collimated by a spherical concave mirror with a 2-m radius of curvature. The
collimated beam then impinged on a C02 laser beam integrator which spatially homogenized the beam to
within ±10%. The dimensions of the laser pulses were 12x12 mm in the target plane of the integrator.
The energy density at the sample surface was adjusted by using additional lenses to change the pulse
size and linear attenuators to change the total energy in each pulse. A photon-drag detector and volume
absorbing calorimeter were used to measure the intensity and energy of the laser pulses, respectively.

The absorption coefficient of the C02 laser radiation in the thin (-2500 A) arsenic-implanted layer is

about 5 x 104 cm-1, while the absorption coefficient in the high-resistivity amorphous layer at the
surface is less than 100 cm-l.[8-9] Thus, the deposition of the pulse energy is predominantly near the
interface of the ion-implanted substrate and the amorphous layer. (This relatively weak coupling of the
C02 laser light in the amorphous layer is in contrast to the strong coupling of Nd:YAG, ruby, and excimer
lasers, where the absorption coefficient in amorphous Si is much larger than the absorption coefficient in
crystalline Si.[10])

The samples were irradiated in air by C02 laser pulses at different energy densities. Cross-section
transmission electron microscopy was used to study the microstructure of the near-surface region. Van
der Pauw measurements were conducted to determine the electrical properties of the epilayer.

RESULTS AND DISCUSSION

The precise manner in which the amorphous layer changes is best illustrated by cross-section
transmission electron microscopy (TEM). The top, middle, and bottom photos in Figure 1 show TEM
micrographs of three cross-sectioned specimens that were irradiated at pulse-energy densities (EL) of
4.4, 5.1, and 7.2 J/cm 2 , respectively. Each of the samples had a 15000-A layer of amorphous Si
deposited prior to irradiation. For EL=4.4 J/cm 2 , the amorphous layer is converted to polycrystalline Si.
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The grain size of the polycrystals are smallest near the original a-Si/c-Si interface, and they grow as one
moves from the buried interface toward the free surface. With increasing EL, the grain size coarsens and
the layer of large-grain polycrystals penetrates through the entire amorphous layer (see Fig. lb). At still
higher values of EL, single-crystal material is produced, although for some samples a few dislocations are

present (e.g., see Fig. ic). For pulse-energy densities exceeding about 7 J/cm 2 , the microstructure is
typically free of extended defects for a 15000-A-thick amorphous film.

Based on the TEM micrographs shown in Fig. 1, it is possible to envision progressive heating of the
amorphous and arsenic-implanted layers as the energy density of the incident C02 laser radiation is

increased. For EL between about 4 and 6 J/cm 2 , the region near the a-Si/c-Si interface is heated beyond
the melting point of a-Si, but the temperature is still too low for melting of the c-Si. Since the molten

Figure 1. The top, middle, and bottom photos show cross-section TEM micrographs of samples that were
irradiated at EL 4.4, 5.1, and 7.2 J/cm 2 , respectively.
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amorphous Si layer is screened from the single-crystal substrate by its native oxide and contaminants at
the interface, epitaxial growth is prevented and polycrystals are formed during solidification. For EL
greater than 7 J/cm 2 , both the amorphous and arsenic-implanted layers are melted by the pulse. The
melt front extends from below the buried band of dislocations in the arsenic-implanted layer up to the
free surface. The melting of the amorphous/crystalline interface causes dispersion of the contaminants
and native oxide layer initially present at the a-Si/c-Si interface. The melted region recrystallizes from
the underlying single-crystal substrate by liquid-phase homoepitaxy, resulting in a defect-free layer at
the surface.

Van der Pauw measurements were performed on the specimens to determine the changes in the
electrical properties of the epilayer after irradiation. For pulse-energy densities less than about 6.4
i/cm2 , the epilayer still had a high resistance, although the TEM images indicated that the amorphous
layer had been converted to polycrystals. For higher values of EL, large changes in the electrical

properties were observed. For example, at EL=7.2 J/cm 2 the electron concentration was 1.68 x 101 6

cm- 2 , the carrier mobility was 57 cm 2 /V-s, and the sheet resistivity was 6.6 Q/sq. These changes in the
electrical properties can be understood if the arsenic dopants in the implanted layer were prevented
from diffusing through the a-Si/c-Si interface for EL less than about 6.4 J/cm 2 . At higher values of EL so
that the arsenic-implanted layer was also melted by the laser pulse, the arsenic atoms contained in the
buried ion-implanted layer diffused throughout the entire molten layer, and they were trapped in
substitutional sites (i.e., electrically activated) as the liquid-solid interface receded back to the free
surface.

Amorphous Si films with thicknesses of 35000 A were also irradiated with C02 laser pulses. At a

pulse-energy density of 5.5 J/cm 2 , the amorphous layer was converted to polycrystals, analogous to the
results discussed earlier for 15000-A amorphous films. At values of EL exceeding about 8 J/cm 2 , the
buried arsenic-implanted layer was also melted, and regions of nearly defect-free single-crystal Si were
formed. Unfortunately, the TEM images also revealed several cracks in the epilayer, which are
unacceptable for device applications. Since the density of hot and molten silicon is different than
crystalline silicon at room temperature, the rapid heating and melting of the buried arsenic-implanted
layer causes large thermally induced stress in the epilayer, which is probably responsible for the
fracturing of these samples.
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Abstract

We have compared the paramagnetic defect formation in two types of pure fused silica glass
irradiated with intense photon fluxes at 5 eV (KrF laser) and 50 eV (undulator beam from
Aladdin Synchrotron Light Source), using electron paramagnetic resonance spectroscopy with
a frequency of 9.7 GHz and sample temperatures of 110 and 3001. The 5 eV photons produce
approximately 10 14 paramagnetic defects per photon and the 50 eV photons produce
approximately 10" defects per photon. The ratio of E' centers to oxygen related centers is
-10 times greater for 5 eV photons than for 50 eV photons in type III silica.

Introduction

Intrinsic defects in silicas have drawn considerable attention since Weeks initially
identified and characterized the E' center in 1956.1 This attention results from increased
understanding of the scientific and technological importance of defects in a wide variety
of materials. Many questions about defects in Si0 2 have not been resolved. Defects affect
several important applications of silicas. These include optical fibers, both core and
cladding regions, and VLSIes (Very Large Scale Integrated Circuits) in which Sio 2 functions
as an insulator or passivating layer.

Many interesting phenomena have been discovered with improvements of bri ghtness, pulse
duration and the wavelength-tunability of light sources. Stathis and Kastner reported that
different defects are created in silicas by 5.0, 6.4, and 7.9 ev photons from excimer lasers
whose energies are all smaller than the bandgap energy of silica, which is almost 10 ev.3.4

They found that 5.0 eV photons are the most efficient in producing El centers.3 They also
observed that 7.9 eV photons introduced different defects in dry and wet silicas.

The purpose of this work was to determine the relative and absolute efficiency of 5 and
50 eV photons in producing intrinsic defects in silicas. Five eV photons were produced by
a KrF excimer laser and the 50 eV photons were produced by the undulator beamline of
Synchrotron Radiation Center at Madison, Wisconsin.

Experimental Procedure

The silica samples consisted of Type III and IV5 high-purity synthetic silicas,
specifically Suprasil W1 (dry), which contains about 5 ppm OH by weight, and Suprasil 1
(wet), which contains 1200 ppm OH. Total metallic impurities were of the order of I ppm.

Samples were cut from a 30 mm diameter and I mm thick disk to the dimensions 5 mm x 18
mm x 1m. The samples were cleaned, mounted on a sample holder attached to a manipulator,
and inserted into an UHV (Ultra High Vacuum) chamber for the 50 ev irradiations. Several
samples were mounted on the same holder. The same optical geometry for each sample was
achieved by changing the height of the sample holder inside the UNV chamber. The
experimental setup is shown in Fig. 1. The vacuum was kept at 10.9 torr during the 50 eV
exposure at room temperature. For the 5 eV exposure, 50 mJ/cm2 unfocused KrF excimer laser
beam was used to expose the sample in air at room temperature. The total number of shots
was 1010.
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The types and concentrations of paramagnetic defects produced by 5 and 50e V light were
measured by electron paramagnetic resonance spectroscopy (Brucker ESR 200 at 9.7 GHZ). The
El centers (singly charged oxygen vacancies) and oxygen-related centers were monitored at
room temperature and IOK, respectively. The number of defects in silica was determined by
comparison with a standard sample (a Brucker strong pitch secondary standard) whose
paramagnetic state concentration was known. The error in the relative numbers of
paramagnetic defects was ± 10%. The absolute numbers of paramagnetic centers has an error
estimated at t 100%.

The flux of 5 eV photons incident on a sample was determined through calculations based
on measurements of power density and total number of pulses. The total number of 50 ev
photons was also calculated from the exposure time and the photon flux. The photon flux was
calculated from measurements of current produced in a calibrated gold diode and the
photoelectric yield on gold.6 The flux of 50 eV photon was (1.1 ± 0.1) x 1018 photons per lmmdiameter spot per minute.

The irradiated volume was calculated from the l/e penetration depth of 50 eV photons in
silica and the beam diameter. The 1/e penetration depth was assumed to be 3.2 Am7 and the
beam diameter was 1 mm. Seven to fourteen spots were irradiated on each sample. We estimate
the uncertainty of the diameter of the beam size as ± 30% when the distribution of photons
across the beam is taken into account. The photon energy is lower than the bandgap energy
in the case of the 5 eV photons; hence, the irradiation volume is the entire sample.

Results

Paramagnetic resonance spectra of E' centers and oxygen related (OR) centers, including
peroxy radicals8 and non-bridging oxygen hole centers were detected in both 5 and 50 eV
irradiated silicas. The concentrations of defects of each type in each sample were
calculated from measurements of the number of defects and the irradiated volume. The defect
formation rate per photon was obtained by dividing the total number of defects by the total
number of photons.

The concentrations of defects, the defect formation per photon, the ratio of E, center
to OR centers, and the total number of photons used in exposure are all listed in Table I
and II.

The 50 eV light created about 1015 E' centers per cm3 and about 1013 OR centers per cm3 in
both dry and wet silicas. The formation rate of E' and OR centers are 10'4 and 10"5 per photon
respectively. The ratio of E' center to OR center is three times higher in wet silica than
dry silica.

The 5 eV photons introduced about 1016 B' centers in both samples. These photons induced
approximately 30 times higher concentration of OR centers in dry silica (6.0 x 1014) than inwet silica (1.7 x 13.Tefra

e 1 13 The format on rate of E' center in about 10"12 per photon in both
silicas, and 6 x 0 OR center per photon in Suprasil WI and Suprasil 1,
respectively. The Ee/OR Center ratio is 50 times higher in wet silica than dry silica and
has the same trend as in SO eV irradiated silicas.

Discussion

A flux of 10is 50 eV photons create the same order of magnitude of Z' and OR centers as
10 5 eV photons. The absorption coefficient for the S eV photons in silica is about
7x10 cm - ° while all the 50 eV light is absorbed. Taking this difference in absorptivity
into account, the 50 eV light produces -105 to 106 more defects than the 5 eV light.

Three possible reasons may explain this difference in defect formation per photon between
the 5 and 50 eV photons. First, E, center formation by 5 eV photons may be due to a two
photon process.11 If this is the case, the low absorptivity for a two photon process, which
is 2 x 10" cm1'12 would result in an absorptivity of -10 cm." Thus, the ratio absorptivities
for 5 eV and 50 cV photons is approximately 10.'10 The ratio of paramagnetic states produced
by 5 eV to 50 eV photons is -10' . Thus, the 50 cV photons produced -100 times more

1021



paramagnetic defects than did the 5 eV photons. Second, Arai et al.11 suggested that the Z'
center induced by 5 and 6.4 eV light is through hole capture at precursor sites. At a flux
of 1021 6.4 eV photons cm 2 the onset of saturation of E' centers was observed. This

26 2Z
saturation effect may also occur for IC 5 eV photons cm " . In addition, the 50 eV photons
may produce new El and OR centers by Si--O bond breaking. The threshold energy for Si--O
bond breaking is about 8.5 eV;13 hence, in case of S0 eV photons we assume that their energy
is sufficient to break Si--O bonds. Bond breaking process may well explain why SO eV light
produces 2 or 3 orders more defects in silica than 5 eV light.
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Table I silicas Irradiated by 50 eV Light from Synchrotron

Total

Silicas E "(cml)cm 3  Es/Photon ORC/Photon E,/ORC Photons

Sup W1 1. 1x015 6.4x1013 3.xlO
4  1. SX1O, 17 3.7x1018

Sup 1 3.3x1015 6.7x1013 4.5x10
4  0.9X1O

5  
49 7.4X1018

Error (±40%) (±40%) (±50%) (±50%) (±20%) (±10%)

5.3X1017 photons per 5 mins per I mm dia. beam size

The penetration depth for 50 eV photon in silica is 3.2 pm

Table II 5 eV (248 r) KrF Excimer Laser Irradiated Silicas

Total
Silicas E'(cm"3) ORC(cm 3 ) EI/Photon ORC/Photon E'/ORC Photons

Sup W1 6.8X1015 6.0x10
14  6.0X10

" 13 6.0x10
14  

10 7.8X10
26

sup 1 8.5x1015 1.7x10
13  8.0xl013 1.6x10 -15 500 7.8x1026

Error (±40%) (±40%) (±50%) (±50%) (±20%) (±10%)

5omJ per cm2 per shot, total shots 1010, total photons on .5 x .5 x .3 cm3 = 7.8x1026

The absorption coefficient of 5 eV photon in silica is about 7.0 x 10'3 cm 1

Oxygen Related Centers (ORC) include PeroXy Radicals (POR) and Non-Bridging Oxygen Hole
Centers (NDOHC)
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BOILING PROCESS IN PMMA IRRADIATED BY A CO 2
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Abstract

When irradiated by a low fluence CO2 laser radiation, a PMMA plate becomes mat. The damage results from the
in-depth absorption of the laser light, which yields a microscopic boiling process. The occurrence threshold of this
boiling process has been measured as a function of the incident power density. These results allow for the quantitative
analysis of the laser burning patterns in order to determine the power density distribution of CO 2 laser beams.

A polymethylmetacrylate (PMMA) plate is widely used by the laser community as a simple diagnostic tool in order to get
some information (at least qualitative) about the characteristics of a CO 2 laser beam.

In several cases, the depth (or the volume) of ablated material has been used as a quantitative measurement of the fluence
(or the energy) of the beam. The ablated surface exhibits a mat aspect, even if the fluence is small and the ablated depth
cannot be measured. In this last case, the currently available information about the beam is only qualitative and the size of
the mat surface states only that the laser radiation has hit the plate.

We have studied the cause of the mat aspect of the laser impact on PMMA and measured the fluence threshold of
appearance of the mat aspect as a function of the power.

Laser-Induced Boiling in PMMA

When the surface of a CO2 laser burning on PMMA is observed under a microscope (magnification of 100), it can be seen
(fig. 1) that it is sprinkled with small bubbles, the sizes of which are in the range of about 10 micrometers. These bubbles
show that the interaction does not consist simply in a surface vapourization, but in a volume boiling process.

Generally, the liquid-to-vapour phase change occurring in laser material interaction is a surface vapourization process,
mainly because the absorption depth of the laser beam in the material is very small (in metals for instance).

In several dielectrics, however, boiling processes have been reported 2,3 ; they are caused by the in-depth absorption of the
laser light, resulting in a in-depth heating.

Absorption of light, heating and destruction processes

Let us first consider the heating process. The absorption of a monochromatic and parallel light beam by a plate of
homogeneous and isotopic material is described by the Lambert-Beer relation: I = lo exp ( - az) where a is the absorption
coefficient (in cm-'). The absorption length L = 1/e gives the depth in which about half of the beam power is absorbed and
transformed into heat. Considering the limit case where the interaction duration and the conduction of the material are small,
the heat transfer by conduction can be neglected and the temperature profile is given by:

T(z) t 110 exp (- az)
pCP

The absorption length L is the depth of material where the temperature is about half the surface temperature ("thermal
wave"); it is independent of the time.

Considering now an opaque material (light is absorbed at the surface); the temperature profile is given by:

T(z) = 10D . ierfc (z/D)/K (2)

in this expression, D ist the diffusion length, equal to D = 2,JK"; D is time-dependent: the thickness of the thermal wave is
proportional to the square root of the time.
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The comparison of these two distances L and D allows for determining the time ranges of two regimes occurring
successively:

" for short interaction duration t, 1 l/(4C2
K)

absorption-dominated process
" for long interaction duration t, ), I/(4K)

conduction-dominated process

Taking now into account the destruction process, let us assume that in all cases, it occurs by surface vapourization at a
constant temperature T,. After the heating phase, the vapourization begins and a steady-state ablation regime builds up.
Litteral expressions can be found for the steady-state temperature distributions for the two limit cases:

* absorption-dominated process:

Tz = A exp ( - Cpl 0z/KH,) - B exp (- az) (3)

A and B being two constants depending upon lo and a

* conduction-dominated process:

T, = T, exp ( - CPloz/KH ) (4)

While the latter gives a continuously decreasing temperature in the material, the absorption-dominated process yields a peak
temperature higher than the surface (vapourization) temperature inside the material. A boiling process is then likely to occur
on seeds present in the material. For PMMA, these seeds can be the ends of the polymer chains.

Computation of the temperature distribution

The absorption coefficient and the ablation enthalpy have been measured for PMMA and CO 2 laser radiation in order to
get input parameters for a numerical calculation of the temperature profile in the material.

The thin samples of PMMA needed for measurement of the absorption coefficient have been obtained by two techniques:

" 1% PMMA powder is mixed with 99% KBr powder and pressed together in order to give an IR spectroscopic sample;
* PMMA is dissolved in a solvant, which is then poured on a Hg-filled cup and vapourized in order to get a thin and flat

film.

The spectra showed on fig. 2 are obtained and allow for calculation of the absorption coefficient. A value of 250 cm-' has
been measured.

By weighting the mass losses of PMMA samples irradiated by CO2 laser radiation with a power density of 100 W/cm 2 and
different durations, the actual ablation rate has been measured; a value of 2500 J/g has been obtained.

These two experimental values have been incorporated in a numerical computation giving the temperature profile in the
material. The assumptions are:

a one-dimensional phenomenon, with semi-infinite target and constant power density over the whole surface,
constant thermal and optical parameters,
the only phase change is a solid to vapour process occurring at a constant temperature at the surface of the
material.

One result is shown on fig. 3. It can be seen that the in-depth temperature rises well above the surface temperature. In this
overheated depth, the boiling process takes place.

Coming back to the transition between the absorption regime and the conduction regime, it can be noticed that this occurs
at a time of (4a

2
K)

-
' , that is about 3 ms.

Qualitative analysis of the boiling process

A high-speed video camera (Spin 2000) the objective of which has a field of view of 0.5 mm allows us to get an insight into
the boiling process. The test set-up is shown on fig. 4; fig. 5 shows several views obtained with this device during one test
with a power density of 30 W/cm 2 .

Three different periods can be seen:

* the heating period, at the end of which a surface vapourization takes place;

* the sudden occurrence of small bubbles trapped under the surface; a short time after, these bubbles grow and burst at the
surface: the boiling process begins - a steady state takes place, with a violent boiling at a microscopic scale;

1026



* at the end of the irradiation, the boiling material freezes and bubbles remain trapped in the material; the average di-
mension of these bubbles is about 10 um. This gives to the surface the characteristic mat aspect.

Fluence threshold of appearance of the bubbles

The fluence threshold of appearance of the bubbles and of damage of the surface has been studied as a function of the
power density.

The experimental set-up is described by the scheme on fig. 6: a "beam integrator" gives a constant power density on the
target. It consists in four plane mirrors mounted in order to form a light channel with a square cross-section. The laser beam
is focussed at the entrance of this device, with an angle yielding about three reflexions for the outer rays of the laser beam.
The statistical mixing of the different rays produces a fairly flat power density distribution at the square exit of the channel.
The exit is imaged on the target with a lens allowing for adapting the power density or the size of the laser spot to the target.
The main drawback of the device is the overall efficiency of 70 to 75%, due to the losses caused by the large angles of
reflexion; however, a constant power density is easily obtained with this device, yielding reliable quantitative results.

. motorized table allows the target PMMA plate to be moved with a constant velocity through the beam; the square of the
beam spot is tilted 450 relatively to the movement. On fig. 7, it can be seen that a linear variation of the irradiation duration
is obtained on the plate; the width of the damaged zone on the plate gives the threshold irradiation duration for the
appearance of the bubbles.

It can be seen on the irradiated samples that the damaged zone exhibits sharp and well-defined edges; this confirms that the
sudden occurrence of the bubbles is a threshold phenomenon.

The results on PMMA for different power densities are shown on fig. 8a and b: respectively the threshold times and
threshold fluences.

The fluence decreases strongly with increasing power density, especially for power densities smaller than 100 Wjcm2 .
Recently, the power density range has been increased up to 600 W/cm2, by adapting the PMMA plates on a rotating disc,
which is mounted on the motorized table (fig. 9). The velocity of the table is adapted in order to generate a (part of) spiral
on the target; the beam velocity on the target varies proportionally to the radius of the spiral; a continuous variation of the
velocity is then obtained on the plate and the threshold time (t) is calculated by measuring the radius of appearance of the
damage (ro) and comparing it to the rotation speed (D) and the size of the laser spot (a)

2 .,r ro,-D

The results are shown on fig. 10a and b.

The threshold fluence is still decreasing, therefore the process can be considered as conduction-dominated in the range under
investigation here.

It can be expected however that, for higher power densities, the threshold fluence will no longer decrease; the threshold time
has to be smaller than 3 ins, as computed hereover.

Selected values of irradiation times will give burn patterns with well-defined power densities; a set of irradiation times for
power densities is given hereafter:

Power density Threshold time

(W/cm 2) (s)

30 1.1

50 0.4

70 0.22

100 0.145

150 0.095

200 0.07

300 0.043

500 0.025
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Conclusion

The PMMA plate burning is widely used as a "finger- print" of the C0 2 laser beam. a low fluence produces a boiling process
on the material and the surface exhibits a mat aspect. A quantitative study of thc threshold time and fluence producing this
boiling enables a quantitative use of the laser burning for the determination of the distribution of the power density.

By controlling the interaction time, several inger-prints can be made, each corresponding to a given power density.
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IC FAILURE ANALYSIS USING THE LASER SCANNING MICROSCOPE

t. Fritz. R. Lackmann

Fraunhofer Institute of Microelectronic Circuits and Systems (IMS)
Finkenstr. b, D-4100 Duisburg 1, West Germany

The laser scanning microscope (LSM) is a fairly new device for contactless testing. The nondestructivc
nature of the laser beam and a minimum of preparation favorizes its use as an analytical tool. Beside the
scanning mode which is useful for material study the laser beam can be positioned in spot mode with a
high spatial resolution and a fine focused beam on the probe surface. We introduce some mcasurcnecnt
methods based on optical beam induced currents inside the semiconductor and on electrooptical effects in
external media. These methods are extremely useful for CMOS circuit failure analysis leading to a com-
plete functionality check. Logic state detection in digital CMOS circuits and signal acquisition from a node
insidc the circuit are internal probing techniques. To locate and analyze latch-up in CMOS ICs we have
dc~clopcd a fully automated latch-up analyzer coupled with the CAD system.

Voltage contrast was realized using nematic liquid crystals and the electrically controlled birefringcnce.
The usage of LiNbO 3 crystals led to an interferometric measurement scheme for internal voltage probing
utilizing a phase retardation due to the linear electrooptic effect.

Introduction Operating Principles

The useful range of optical microscopy has been signi- In contrast to an ordinary optical microscope where an

ficantl extended to optical resolutions of 0.25 gim with object is illuminated by a wide area light source the ima-
electronically enhanced image magnification by scanning with a ge in a laser scanning microscope is taken point by point
fine focused laser beam. A lot of theoretical and practical as the scan takes place. Fig. 1 shows the scheme of the
work has been done to describe and compute the optical optical system. For the described applications a commercial
properties of confocal and non-confocal scanning red HeNe laser at 633 nm has been used leading to a
systems 1-4 . The application of laser scanning microscopes photon energy of 1.96 eV which is well above the Si band
for material studies has also been demonstrated for diffe- gap energy (1.12 eV at 300 K) and therefore to electron-
rent materials and semiconductors 5-6. However, the special hole pair generation inside an illuminated semiconductor.
features of a laser light source like collimation, high The light reflected by the specimen is directed to photode-
monochromasy and high intensity made it an attractive tectors. The amplified photomultiplier signal is applied to a
alternative for sophisticated semiconductor microscopy and TV monitor in synchronism with the x-y deflection For
contactless measuring techniques. The growing interest in internal measurements inside the IC we used the spot mo-
noncontacting techniques in the semiconductor area can be de of the system where a fixed point of the specimen is
attributed to the inadequacy of conventional chip diagnostic illuminated by the laser beam focused to a diffraction
tools. The usual probing techniques utilizing the electron limited spot on the surface (about I V.m for a long distance
beam requires a vacuum chamber and therefore circuit 40x objective, NA 0.5). The laser beam intensity is com-
environment preparation, though it is doubtless the "state puter controlled using an acousto-optical modulator (AOM).7-8
of the art" method in fault diagnosis . On the other hand
no aced of a vacuum, the nondestructive nature of the la-
ser beam and a minimum of preparation favorizes the laser
scanning microscope as an analytical tool, especially when Logic state detection is done using the OBIC effect
connected to a prober or a test system for IC failure (Optical Beam Induced Current). The conductive state of a
analysis. MOS transistor is determined by irradiating the drain/sub-

To establish the contactless laser probtng we have dc- strate junction with the laser spot and amplifying the cur-
v,..oped an integrated test system for IC failure search, rent changes in the power supply of the device under test.
consisting of the LSM connected to a VME based host and Depending on the logic state of the transistor under test,
coupled to the design data base for automated internal test its depleted region at the unsymmetrical pn-junction con-
point localization. The test technique can thus be viewed tatn; high-instensity electric fields leading to electron-hole
as an approach towards automated laser beam testing of pair separation and a slight change of the strength of the
CMOS circuits. Because the CAD coupling had beer. des- current on the power bus line. Thus, the strength of the
cribed in detail elsewhere, we concentrate here mainly on OBIC serves as an indicator of the transistor's logic state,
the physical aspects of the measurement techniques. where a higher induced photocurrent corresponds to the lo-
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Fig. I Optical scheme of the laser scanning microscope
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Fig. 2 Block scheme of the digital test system and the CAD

link

In contrast to other published detection schemes 1 we

gic "OFF" state. This load current is sensed via a low-no- propose a low intensity, steady-state illumination of the

ise, fast transimpedance amplifier and leads to a real-time transistor under test after precedent beam positioning.
signal of the logic states of the illuminated transistor. Fig. A discussion of the dynamic aspects of the proposed detec-

2 shows a block scheme of the digital test system and the tion scheme and measurements on typical CMOS structures

CAD link for automated beam positioning and measurement. showed a bandwidth in the MHz regime 11 .
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Fig. 3 shows measured internal digital signals inside a
frequency divider as part of digital CMOS controller. It V

consists of a series of D-flip-flops, for each measurement V i n

point the laser spot illuminates the gate/drain region of _ou °

the output transistor. The signal propagation is clearly
visible and shows the successful application of our detection

.crisle.

VT I L 1

Ii~nfl- *!ij p-subscr3Ce

."Fig. 4 Cross section of a CMOS inverter with the parasitic
bipolar transistors

controlled by a programmable microcomputer developed for
*PRN , utPt flA,1t4 I this task. The microcomputer communicates via IEEE bus

with the VME based host responsible for IC positioning.
ri. , I For each given point the laser beam intensity is increased

M and a possible latch-up is detected by IC current control.
If the load current increases due to latch-up firing all

,", f . " ~,power supplies are switched off rapidly to avoid a possible

destruction. The next measurement point is localized after
I 'Y 1,1 04, power on and data acquisition continues. The VME host

stores the measured sensitivity data corresponding to the
77.5, •" laser intensity and the position and supports a link to the

-. .. CAD system. After an initialization the system works fully
1ig. i Internal logic states of a CMOS frequency divider automated.

acquired uing optical beam induced currents (see text) Because the inverse laser intensity is proportional to
the latch-up sensitivity at a given position after a complete
riata acquisition run a sensitivity map is generated by the

Automsated Latch-up Sensitivity Measurement system. A menu driven program running on the CAD work-

station allows the user to overlay the map over his design
Optical beam induced currents can also be used to and switch between a color display of the IC layout and

trigger some electrical effects in an integrated circuit and the measured data. Fig. 6 shows a part of a CMOS IC
disturb its function. One of the most important parasitic with the measured latch-up data (the solid white regions
effects in CMOS technology is latch-up. correspond to a high latch-up sensitivity).

Bulk CMOS integrated circuits contain both parasitic
vertical and lateral bipolar transistors. These transistors
form a pnpn structure which acts as a silicon controlled
rectifier (SCR) and which can latch-up if the possible
feedback between the coupled transistors produces regene-
ralive switching. Fig. 4 shows the cross section of a CMOS
inscrtcr together with the parasitic bipolar transistors. One
possible firing method is photo current generation and
several analytical techniques have been suggested to help
IC designers to identify the latch-up site and to evaluate
its seni,.its, in order to correct the layout and avoid the
phenomenon 1-1. Our approach leads to an automated
latch-up sensitivity measurement and a coupling to the
CAD lay out data. Fig. 5 shows a block scheme of the
detection system. Since the AOM can be controlled with
an applied voltage the laser beam intensity and therefore
the strength of the optical beam induced current is nearly
linearl. dependent on the applied voltage. The modulator
voltage and the current through the device under test are
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Fig. 5 Components for latch-up sensitivity measurement

glass cell and de or ac voltages are applied and is caused

by the interaction of the dipole moment of the molecules

being perpendicular to the molecular optic axis and the

electric field applied in the direction of the optical axis.

Fig. 7 shows a cross section of the configuration for a

voltage contrast display of an IC. A transparent, conduc-
ting glass plate is used as a field electrode connected to

ground potential. When the electric field between the IC

conducting line and the field plate exceeds a critical
threshold voltage (typically between 2-10 V. depending on

the used NLC mixture) a position dependent deformation

occurs. Because the homeotropic alignment is caused by

chemical treatment of the bounding surfaces the maximum

deformation occurs in the middle of the liquid crystal lay-

er. The NLC cell shows a position dependent birefringence

effect that increases with the applied voltage and appears
no longer isotropic. Essentially the molecule rotation leads

to a division of the polarized light into an ordinary and an

Fig. t, Measured latch-up sensitivity in a CMOS IC

Voltage Contrast Using Nematic Liquid Crystals

The qualitative voltage contrast which is observable in

an% unmodified scanning electron microscope allows a sim-

pie locali/ation of defect cells and possible interrupts ofr/ U > Uth

conducting lines inside the IC. The same result can be

achieved using liquid crystals and a polarizing microscope. -

One important electro-optical effect in nematic liquid

crystals (NLC) with negative anisotropy (i.e. A C = _-_ <-- I C

) s deformation of aligned phases (DAP), also called

electrically controlled birefringence (ECB), investigated by

Schickel et al. 14 and Soref et al. 15 The birefringence Fig. 7 DAP effect between IC line and field plate

occurs when the molecules are vertically aligned in a
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Fig. 8 Observation using crossed polarizers

extraordinary beam of light, giving a phase difference due
to the diference of refractive indices of the partial beams.
Because of the phase retardation a given wavelength of
ligth passes through the analyzer in a series of maxima
and minima as the voltage is increased. Fig. 8 illustrates
the basic principle in reflective mode. Using crossed pola-
rizers one can create a bright image of those conducting
IC lines having a voltage above the critical threshold
voitige Uth which is strongly material dependent

Uth = k33 (I)
0

with the bend elastic constant k 3 3.
Fig. ) displays a typical experimental result. A part of

a CMOS IC for HDTV applications was coated with ho-
meotropic aligned NLC. covered with a glass plate and
observed with polarized light. The DAP effect above con-
ducting lines with applied signals and U rms> Uth is clearly

visible.

Fig. 9 Part of a CMOS IC under working conditions
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Signal Acquisition Using the Linear Electro-optical Effect Because the argument of the sine function is small (typi-

cally about 0.0114 for a 10 V amplitude signal) the inten-
Electro-optical sampling (EOS) is an all optical tech- sity fluctuation is linear dependent on the voltage U. The

nique that exploits short optical pulses as the sampling ga- major problem in our configuration is a low signal/noise
te in electro-optic crystals utilizing the Pockels effect. ratio which is directly proportional to the incoming laser
External EOS using the "finger probe" 16 and internal EOS power and noise effects due to vibrations and power flue-
in GaAs 1 7 have been demonstrated and showed a very good tuations. Fig. 11 shows the linearity measurement for a low
timing resolution corresponding to a systems's bandwidth in frequency sine wave which proofs the linear relationship
the THz regime. between the intensity change and the applied signal volta-

The aim of our approach is to provide a practical so- ge. The values were taken using a current sensitive lock-in
lution for IC failure analysis at internal nodes. A commer- amplifier (EG&G, LIA 5209) and a photodiode. An impro-
cial HeNe laser at X = 633 nm without a sampling capabi- ved interferometric setup is currently under development.
lity is used to detect a voltage change on a conducting li-
ne. The experimental setup is shown in Fig. 10. A LiNbO 3  80 LSM Interferometer

crystal is placed above the conducting line with an applied
voltage. The crystal's backside is coated with a transpa- 70

rent, electrically conducting TiN layer and connected to 1
ground. This field plate configuration ensures a homogenous .a6 0 .

field distribution. Since the direction of k is parallel to
the linear electro-optic effect vanishes for most crystal i
classes. From theoretical considerations one can show that ,4 0
z-cut LiNbO3 crystals exhibit the Pockels' effect in this C
case leading to a phase retardation of the incoming light 30

wave (double passage) 2 "20 j'

2 7tn 3 U (2) 1-0 Square wove. 30 kHz

13

0with the ordinary refraction index no and the electro-opti- 0 2 4 6 8 110

cal coefticient rl 3. The phase retardation is linearly de- SgnaI o0tage / v
pendent on the voltage U and can be converted to intensity
modulation using an interferometric setup. This leads to a Fig. 11 Measured intensity change as a function of the
small intensity change at the interferometer output applied signal voltage

Al(t) = -2 I112 sin( 27r 3 u,(t)) (3) Summary

We have discussed the use of electrooptic effects for

CMOS circuit failure analysis and treated internal effects
caused by optical beam induced currents and external
effects in electrooptic media placed above the circuit.
Voltage contrast using nematic liquid crystals allows a
first qualitative check and failure localization. To determine
latch-up sensitive regions in a CMOS circuit we imple-

r, L,  mented an automated latch-up measurement method. Incre-
asing the laser power can lead to a latch-up firing.

Internal signal acquisiton by laser illumination of the

'L _- ___MOS drain regions has been demonstrated for digital
I _CMOS circuits. The use of the linear electrooptic effect is

a promising method of internal voltage measurements on
metal lines inside the circuit.

Fig. 10 Integrated interferometer setup
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ABSTRACT

sensing light propagates in a multimode
A new coaxial optical fiber has been waveguide such that mechanical perturba-

fabricated for communication and sensing tion will cause intermodal interference.
applications. An experimental system is However, such an optical fiber was not
setup to demonstrate that the coaxial readily available. These considerations
fiber can simultaneously function as a motivated us to develop a new optical
transmission medium for the communica- fiber for such applications. In this
tion signal and as a vibration sensor. paper, we report the first single fiber
It is also shown that the communication communication/sensing system using a no-
performance is not deteriorated by the vel coaxial optical fiber where the
simultaneous sensing operation. single-mode operation can be maintained

for the communication channel while the
INTRODUCTION sensing channel is under multimode ope-

ration, and only one laser at 1300 nm
Recently, we have demonstrated a fi- wavelength is used. The fabrication pro-

ber optic communication system with sen- cess of the coaxial optical fiber is
sensing capabilities in which a mul- described in the following section and
timode optical fiber is utilized the experiment is reported in the subse-
simultaneously as a communication link quent section.
and as a line sensor.[l] The detection
scheme for the sensing channel is based THE COAXIAL OPTICAL FIBER
on the modulation of the interference
pattern projected from the output end of The re.ractive index profile of our
a multimode optical fiber when the fiber coaxial optical fiber is depicted in
is subjected to an external disturbance Fig.l. Tl.u preform of the coaxial opti-
which changes its optical properties. cal fiber was fabricated by the MCVD (3]
However, most today's long-distance high process. Twenty two cladding layers of
-capacity communication systems use silica doped with phosphorous and fluo-
single-mode optical fibers because the rine first deposited in a Heralux model
transmission distance of multimode fiber TO-8 16x20 mm quartz tube at 162 0 0C.
communication system is limited by in- These deposited cladding layers give a
termodal dispersion. In another publica- refractive index below the index refrac-
tion, [ 2 ) we proposed an integrated tion of the starting quartz tube. This
fiber-optic communication and sensing depression allows a higher index differ-
system using a single-mode fiber and two ence without increasing Rayleigh sca-
lasers: a semiconductor laser at 1300 nm ttering and drawing-induced losses. [4]
and a He-Ne laser at 633 nm. Its commu- Three tube core layers of silica doped
nication capacity is indeed much higher with germanium then deposited at 16400 C,
but the length of the sensor is still followed by three inner cladding layers
limited by the relatively high attenua- of silica with the same dopant as the
tion of the optical fiber at 633 nm. outer cladding. Several core layers of

silica doped with germanium subsequently
Our single-arm dual-function system deposited at 17000 C. The composite tube

may be optimized by operating at the then collapsed into a solid rod preform
fiber's low loss regime at a long wave- by heating it up to 20000C. During col-
length such as 1300 nm for both the sen- lapse,chlorine and Freon-12 were used to
sing and the communication channels. A reduce the moisture content.[5] The pre-
two-core optical fiber is required such form was then drawn into fiber through a
that the communication light propagates carbon resistance furnace and coated
in a single-mode waveguide to achieve with a layer of 60 pm thick UV-curable
high capacity communication while the coating. The resultant optical fiber has

a central core diameter of 4.6 pm. With
*: Mr. Chen is now a Ph.D candidate at n=1.468 it is a single-mode waveguide
the Institute of Optical Sciences, Na- for 1300 nm light. The ring core has an
tional Central University, Taiwan, ROC. inner diameter of 12.4 pm and a thick-
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ness of 4.2 pm. The outside diameter of A coiled section about 40 cm in length
the fiber is 124 pm. There is a 0.4% in of the coaxial fiber is placed on the
refractive index difference between cen- membrane of a loudspeaker which vibrates
tral core and inner cladding and a 0.1% at sound frequencies. The remaining
difference between those of the ring length of the fiber is isolated from the
core and the cladding. The near field vibration. We have simultaneously ob-
patterns of the cross section of the co- served the communication and the sensing
axial optical fiber are shown in Fig. 2 signals for both situations when the co-
and Fig.3, when the fiber is illuminated axial optical fiber is not perturbed and
with an incoherent light source ( tung- when it is perturbed. Fig. 6 shows the
sten lamp and a He-Ne laser, respec- communication signal upper trace ) and
tively. The coherent light forms multi- commun in signal loper trace ) an
ple lobes in its outer pattern because the loudspeaker is stationary. Here the

the ring core is single-mode in the ra- is modulated to generate a 10 KHz
dial directio,, but is multimode in the sine wave. Fig. 7 depicts the signals
azimuthal direction. when the loudspeaker is driven by a 1.1

KHz sine wave. The sensing signal (lower
EXPERIMENT AND RESULTS trace ) clearly reflects this perturba-

tion. An appropriate filter circuit can
Our experimental set-up is schematica- easily recovery the vibration signal.

lly illustrated in Fig. 4. The semicon- The communication, on the other hand, is
ductor laser transmitter is a York model not changed by the vibration of the op-
SLS-13OOS-DFB stablized light source in tical fiber.
which a distributed feedback (DFB) laser
with central wavelength located at 1308 CONCLUSIONS AND DISCUSSION
nm is used as the light source.The band-
width of the DFB laser is about 100 MHz. This is the first time, to our know-
The semiconductor laser transmitter is ledge,that a novel coaxial optical fiber
connectorized with a 3-meter long con- has been fabricated for the application
ventional single-mode (at 1300 nm) fiber of simultaneous optical communication
pigtail. The laser beam coming out from and sensing. We have also demonstrated
the fiber pigtail is injected, using the an integrated communication and sensing
butt joint coupling method, into a 500 system using this new coaxial optical
meters long coaxial optical fiber. The fiber. It is shown that the communica-
coupling between two fibers is precisely tion performance will not be deteriora-
adjusted to an optimal condition so that ted by the simultaneous sensing opera-
the output from the coaxial optical fi- tion. By using the cut-back method, the
ber has maximum intensity. Downstream attenuation measured at the wavelength
the butt-joint point, a mode filter of 1300 nm to be around 6 dB/km. It is
(index matching oil with refractive mainly due to a relatively high content
index n=1.471) is used to strip the cla- of OH-ion in the fiber. Also, since the
dding modes. The near field pattern of refractive index difference between ring
the output from the end of the coaxial core and cladding is small, the fiber
fiber has been photographed with a Hama- suffers severe bending loss. The coher-
matsu model C-1000 IR-214 vidicon camera ence length of DFB laser used in our ex-
mounted on a Leitz model Metallux II periment is about 3 meters. With this
microscope. With proper launching con- coherence length,intermodal interference
ditions a two lobed pattern is formed as between adjacent modes [ 6 ] in the ring
shown in Fig.5. At the output end, the core can occur within a propagation dis-
laser beam is splitted into two parts as tance of tens of kilometers. Therefore,
depicted in Fig.4. In one beam, the out- our sensing system is still limited by
put from the ring core is filtered by attenuation as before when 633 nm was
passing the image of the near field pat- used. However, an improvement towards
tern through a pinhole such that the loss reduction in future fabrication of
side lobes of the pattern are blocked the fiber should change the situations.

off, leaving only the central spot which By thei:, one-fiber one-laser single-mode
is the output from the central core to communication/multi-kilometer sensing
be focused into an InGaAs detector ( system will become feasible. One can
Epitaxx, model ETX-3000, with an active foresee several potential applications
area of 3 mm in diameter and a responsi- for the coaxial optical fiber. For exam-
vity of 0.8 A/W at 1300 nm). This commu- ple, our system demonstrated above forms
nication channel of our system is thus a single-mode optical communication sys-
ensured to operate at single-mode condi- tem protected from tapping.
tion. The other beam is defocused into a
speckle pattern in which another InGaAs REFERENCES
detector is used to detect intensity
fluctuations caused by mechanical defor- 1. C.Y. Leung, C.H.Huang, and I.F.Chang,
mations of the optical fiber due to ex- in Proceedings, SPIE 838 Fiber Optics
ternal perturvations. This forms the and Laser Sensors V, (1987), pp.294-
sensing channel of the system. 298.
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Fig.2 The cross section of the coaxial
CENTRAL optical fiber illuminated with a
CORE tungsten lamp.
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Fig.1 The refractive index profile of
the coaxial optical fiber.

Fig.3 The cross section of the coaxial
optical fiber illuminated with a
He-Ne laser.
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Fig.4 The schematic diagram of the coaxial optical
fiber communication and sensing system.
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Fig.5 The near field pattern of the output with 1308 nm
DFB laser input.

Fig.6 Simultaneous signals from the communication
(upper) and the sensing (lower) channels when
the fiber is not perturbed.

Fig.7 Simultaneous signals from the communication
(upper) and the sensing (lover) channels when
fiber is being vibrated.
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Abstract

In this paper we report on the first EPR results in TEA(TCNQ)2 in the Far Infrared (FIR).
The experiment was done by measuring the transmission of a flat sample as function of
magnetic field. Three wavelengths, 1.615 mm, 1.900 mm and 1.965 mm, obtained from an
optically pumped FIR laser, were used. Magnetic fields ranged up to 7 T, temperature was
varied between 1.6 K and room temperature. The results are compared with EPR at X-band, as
reported in the literature.

The Samples

TEA(TCNQ)2 (triethylammonium 7,7,8,8-tetracyano-p-quinodimethane) is a quasi one-
dimensional organic crystal. These types of crystals are formed by stacks with a strong
intra-stack interaction and a weak inter-stack interaction. Consequently, they are very
anisotropic and susceptible to phase transitions. A linear chain is unstable; i.e. the
energy can be lowered by grouping of the molecules. This is the Peierls transition. The
Spin-Peierls transition occurs when the energy of an anti-ferromagnetic Heisenberg chain
can be lowered by another regrouping. These transitions can result in a dimerization or a
tetramerization of the chains (fig. 1). In such materials Charge Density Waves and the
Hopping mechanism contribute to the electrical conduction.

Filhol et al.' and Farges2'3 have given a detailed description of the crystal structure
of TEA(TCNQ) 2 . Based upon this work, the crystal can very concisely be described as being
built from parallel and well separated stacks of TCNQ molecules. The TEA'-groups occupy
sites in between these stacks. The TCNQ molecules are essentially planar. Interaction along
the stacks make the TCNQ to group into tetramers of the type A-B B-A A... . This tetra-
merization is reflected energetically in a singlet-triplet level configuration. This
singlet-triplet system gives an essential contribution to the magnetic susceptibility of
the material together with an "impurity" effect due to structural defects (TCNT -ions).

a) 0 0 0 0C

T o * 0 4C

fig. I a) linear chain b) dimerization c) tetramerization
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The Experimental Set-Up

The experimertal set-up is shown in fig. 2. In an optically pumped FIR laser,
vibrational-rotational energy levels of a suited molecule are excited with an appropriate
pump laser, usually a powerful grating-tuned C02 laser. Inversion can thus be created
between two nearby excited levels. This yields radiation at FIR wavelengths. The FIR
intensity is stabilized by a feedback mechanism controlling the C02 laser length. Some
examples of FIR laser lines are given in table 1. A superconducting magnet provides fields
up to 7 Tesla at the sample location in the cryostat. The sample temperature varies between
1.6 Kelvin and room temperature. A carbon bolometer at He-temperature detects the trans-
mitted radiation.

CI}_CELL

SAMPLE

I I -

I I x

I I

I ,
II

I _ INTODCI

fig. 2 the experimental set-up

FIR LASER CO2 LASER WAVELENGTH FIR LASER CO2 LASER WAVELENGTH

GAS PUMPLINE (mm) GAS PUMPLINE (mm)

CH3OH 9P36 .1188 C2H3Br IOR20 1.394

HCOOH 9R20 .4326 C2 H3 8r 10P26 1.615

HCOOH 9R28 .5130 C2H3Br 1OP20 1.900

CH3OH 9P34 .6994 CH3Br 1OP28 1.965

HCOOH 9R40 .7426 CH3Br lOPlO 2.632

table 1 : some examples of FIR laser lines
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Results and Discussion

A pronounced minimum in the transmitted signal versus magnetic field was observed. This
is ascribed to paramagnetic resonance absorption. We find g=2.00 ± 0.01 . At lower
temperatures, some structure was found around the main line (fig. 3).

Previous EPR experiments were done by Flandrois et al. 4 at X-band frequencies. A central
line with a small g-factor anisotropy (2.0022-2.0034), was observed with an intensity
following a Curie-law. Between 40 K and 80 K two other lines appeared. This was explained
by the thermal activation of the triplet state above 40 K. The susceptibility showed also
a singlet-triplet effect.

We have not yet seen this effect above 40 K. From the main line in our experiment, we
deduce a simple Curie-law but no singlet-triplet behavior is found in the susceptibility
(fig. 4). The structure we found, could be due to a singlet-triplet effect at lower
temperatures. The three lines show the same line-separation as in the X-band measur.ments.
However, one has to be careful when interpreting this results, as it may be due to inter-
ference effects in the sample.

6.5--

6 -

5.5--

5 TE(TCNQ)
0

--4

U)

4.5--
U)

z1. 900 MM 2 K
a:

3.5-

3 -

2.5-
5.637 B(Teala)

5.575 5.6 5.625 5.65 5.675

fig. 3 : Low temperature scan of transmission versus magnetic field. Around the
central line, two additional lines appear.
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Susceptibility (arbitrary units)
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fig. 4 : susceptibility versus temperature fitted with 1/T law

Conclusions

We have demonstrated the feasability of EPR experiments in this material at FIR
frequencies, covering the whole temperature range from 1.6 K up to room temperature. At
FIR frequencies a behavior is found, different from the reported X-band behavior. It is
not yet clear how our results can match with the singlet-triplet model used for this kind
of crystals. Further experiments are necessary to study the temperature dependence and the
field dependence of the EPR signals and to map the energy levels versus magnetic field.
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Abstract

Unstable resonators with output mirrors of super-Gaussian reflectivity profile
represent a valuable solution to generate high energy diffraction limited beams.

In this paper we investigate both theoretically and experimentally the properties of
such class of resonators. A set of four mirrors with selected super-Gaussian profiles have
been designed, fabricated and extensively tested in a pulsed Nd:YAG laser with a positive
branch unstable resonator. The measured output energies and the near- and far-field
profiles attest that super-Gaussian resonators provide energetic efficiency equal or better
than that of traditional unstable resonators, joined to unique beam quality. The resonator
modes have been calculated within the geometrical optics approximation and compared to the
diffraction theory predictions. The output energies heve been evaluated by means of an
innovative model that takes account of the effects of the transverse mode profile on gain
saturation.

Introduction

A challenging goal in solid state laser science and engineering is the design of high
brightness systems. One of the most suitable solution to this problem is represented by
unstable resonators with variable reflectivity mirrors.

Such resonators present large mode volumes, typical of unstable resonators, joined to
high mode discrimination and smooth beam profiles resulting from the intrinsic apodization
provided by the output coupler. These characteristics allow to develop lasers with high
energy extraction efficiency, capable to generate diffraction limited beams with excellent
divergence properties"2

Amongst the proposed reflectivity profiles the most meaningful, from a historical point
of view, has been the Gaussian function. However, Gaussian resonators present a mode
transverse profile of the same shape as the mirror reflectivity, so that the field
intensity spreads to a considerable distance from the resonator axis; therefore, to avoid
beam degradation by the effects coming from the diffraction of mode tails over the rod
edge, the mode spot size must be restrained by the Gaussian mirror to a dimension
significantly lower than the rod radius, thus limiting the rod volume occupied by the mode.
This results in an ineffective exploitation of the active medium. To overcome this
limitation our group has proposed the super-Gaussian resonators. Within the super-Gaussian
family the most meaningful functions are those of high order, presenting short tails and a
sharp drop of the reflectivity over a narrow circle. For super-Gaussian resonators too the
mode intensity profile resembles the mirror shape, but now it fits much better the rod
cross section. For such a reason super-Gaussian resonators, in addition to the advantages
of Gaussian ones, have the capability to increase the energetic efficiency near to the
theoretical limit, yet preserving appreciable beam quality.

In this paper we present a detailed analysis, in terms of energetic efficiency and beam
quality, of unstable resonators with super-Gaussian mirrors. Both theoretical evaluation
and experimental tests demonstrate the superior performances of super-Gaussian resonators
in comparison with more traditional unstable configurations.

Theory

Mode Profiles

The intensity reflectivity profile R(r) of a super-Gaussian mirror is expressed by

R(r) = R, exp[-2(r/w)], (1)
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where r is the radial coordinate, R, the peak reflectivity, w- the mirror spot size, and n
the super-Gaussian order. The last parameter defines the curve shape, which varies from the
Gaussian profile (n = 2) to the hard edge limit (n -> 0).

Within the framework of the geometrical optics the cavity modes and cavity losses for
an unstable resonator with a super-Gaussian output coupler and a high reflectivity mirror
can be expressed in analytical form. In fact, for the unloaded resonator (without active
medium), the lowest order mode is super-Gaussian of the same order as the reflectivity
profile of the output coupler. Moreover the mode spot size varies along the resonator axis
according to straightforward geometrical rules. The corresponding round trip energy losses
r are expressed, independently of the super-Gaussian order n, by:

F = I-R,/M 2 , (2)

where M is the resonator magnification factor. For a detailed discussions about the modes
of super-Gaussian resonators we refer to the literature -' *

To assess the validity of this geometrical optics approach the cavity modes have been
calculated also using the Prony method 4 to solve the Frensnel diffraction integral in
cylindrical coordinates. The results of several numerical simulations confirm that
(provided that n<15 and M>1.5) the geometrical optics solutions are quite similar to the
diffractive ones, apart from the high frequency fringes originating mainly from the mode
cutting by the rod edge. As an example, Fig. 1 shows the comparison between the geometrical
and diffractive mode intensity profiles for a resonator with a mirror of super-Gaussian
order n=9. The diffractive mode results from a numerical simulation executed with a
resonator model including a circular aperture to represent the rod edge, which limits the
field propagation into the actual resonator.

Output Energy

As the super-Gaussian order is increased the mode profiles become wider, resulting in
better filling of the active medium. This is expected to increase the output energy,
however, to precisely evaluate the ratio of the output energy versus the volume occupied by
the geometrical mode, the effects of the transverse intensity profile on gain saturation
cannot be neglected. To this purpose, instead of numerically solving the wave equation in
presence of a saturating medium, we have developed an innovative theory that leads to a
closed form relationship for the output energy as a function of the transverse mode
intensity profile and of the pump energy. Hereafter we will consider the most significant
aspects of this theory.

The model originates from the space dependent rate equations of a four level laser'

3N N
-= W,,N, - WN - -, (3)

atT

dq [ q
- WN dV--, (4)

dt -C

where N is the population inversion per unit volume, W, the pump rate, N, the concentration
of active elements, W the stimulated emission rate, T the total lifetime of the upper laser
level, q the number of photons inside the resonator, -c the photon lifetime, and the
integral in (4) is extended over the rod volume.

Beside the general conditions for the validity of the rate equations approximation, we
make the following additional assumptions:
a) The pump spatial distribution is supposed to be uniform.
b) The decay term N/T in (3) is negligible because, for our system, both pump and laser
pulses are shorter than the Neodymium upper laser level lifetime (230 4s).
c) The energy emitted from the beginning of the pulse to any time t is proportional to the
pump energy in excess to the threshold energy entering the laser up to the time t.
d) The field intensity inside the laser cavity resembles the mode profile calculated for
the unloaded resonator in spite of the action of the non-linear gain medium. This
hypothesis is legitimated by the effect of the super-Gaussian mirror that strongly
reshapes, at each round trip, the profile of the beam circulating inside the resonator.
This assumption is sustained by our experimental data and also corroborated by various
results (referring to traditional resonators) reported in the literature"6

Let t=0 be the time when the threshold is reached, the initial conditions to integrate
the rate equations are:

for t = 0, q = 0 and N = Nc = JNtW d, (5)
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where N_ = y/ol is the critical inversion, y are the logarithmic losses per single pass and
1 is the length of the laser medium.

The total number of photons leaving the laser can be evaluated integrating equation (4)
from t=0 to t=+- and substituting for N the expression obtained from eq (3) neglecting the
decay term N/T. After some lengthy algebra we get the result:

dt = (N, - N,)dV. (6)

In equation above

N, = JNW,, dt (7)

denotes the population inversion that would be present in the rod if the laser action was
impeded and

Nf = N(t=+-) (8)

is the final inversion at the end of the laser pulse. This last quantity is expressed by a
rather complicated formula containing, in integral form, the time behavior of both the
stimulated emission rate (W) and the pump rate (Wp). To proceed further with the
integration process we make use of the hypothesis c), which can be expressed as

tWx,y,z;t) dt Kx,y,z) I ,,t) dt (9)

where K(x,y,z) takes into account the space variation of the stimulated emission rate. With
the above assumption the explicit dependance of Nf on the pump rate (W,) can be removed,
*further integrations can be performed, and the total photon number (fq/t,) can be expressed
as:

exp( W dt) -1

j--dt = JdV {N,- [ N+(No-N- I exp(-JWdt)). (10)

JWdtJo JO

Being fW dt and fq/T, dt both proportional to the output energy, equation (10) provides a
relationship between the pump energy (- N-) and the output energy. To explicitly express
these dependencies we note that:

a
W =- I(x,y,z), (11)

hv

where a is the emission cross section and I=I(x,y,z) is the intensity of the two counter-
propagating waves inside the active medium. Neglecting the differences among them and the
variations along the resonator axis we can remove the dependance on z and write:

IW dt = EU(r), (12)

where r is the radial coordinate and, according to assumption d), the transverse intensity
profile has been taken to be proportional to the square of the mode amplitude of the
unloaded resonator U(r) = Iu(r)1 2 , being the output energy enclosed into the
proportionality constant:

2 a E
(13)

yi hv

where 'r are the logarithmic losses of the output mirror. To obtain the above result the
normalization condition:
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isU(r) dS = 1 
(14)

has been assumed. By using the parameter defined in (13) we obtain:

-qI

- dt - E. (15)
o0 T

Moreover we define a normalized pump energy as:

= No/N_, (16)

where N, and N_ are given by (5) and (7). In practice represents the number of times by
which the threshold is exceeded.

By using (12), (15) and (16), equation (10) can be written as:

I [EU(r) - 1 + exp(-eU(r))] dS

=(17)

r U(r) - 1 + exp(-EU(r))j dS
S EU(r)

Equation (17) expresses the output energy (F -) as implicit function of the input energy
(m &) and of the transverse mode profile (represented by U(r)). It is worth noting that
this result is valid for any mode profile, not only for the super-Gaussian ones.

This unusual input/output relationship reduces, for u(r) = constant, corresponding to
uniform intensity profile, to a much simpler form:

& = E/S (18)

1.2 0.6

1 n=35 3510.5 • 9 3

A 5 9
DU

0.8 0.4 * 2.8 5
X 2.8

0.6 0.3

w 0.4 0.2

0.2 0 0.1

0 .1.1 11. .0
-4.5 -3 -1.5 0 1.5 3 4.5 0 1 2 3 4 5 6

RADIUS (m m) NORM PUMP ENERGY,

Fig. 1. Comparison between mode intensity Fig. 2. Measured (dots) and calculated
profiles (beam incident on the output mir- (solid lines) output energies versus pump
ror) predicted by geometrical optics (g) energy, normalized to the threshold, for
and by diffraction theory (d) for a super- super-Gaussian resonators with mirrcrs of
Gaussian resonator. The resonator is made orders 2.8, 5, 9, and 35.
by a flat super-Gaussian mirror (n = 9,
wm = 2.03 mm) and a 100% reflecting convex
mirror of radius -5 m placed at 450 mm.
The magnification is M = 1.8.
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and hence, with the help of (13), the output energy can be explicitly written as:

y1 hv
E - S (E 1), (19)

2 o

which is a straight line recalling the standard input/output relationship obtained for
continuous wave lasers by the rate equation model.

The output energies as a function of the input energy, predicted by (17) and (13) for a
Nd:YAG laser using the same unstable resonator with mirrors of orders 2.8, 5, 9, and 35 are
shown in Fig. 2. The resonator configuration is described in the experimental section. The
mode profiles used for the calculation were obtained by geometrical optics. The use of the
geometrical optics fields is validated by the fact that u(r) is inside an integral that
averages the fringes by which diffractive fields differ from geometrical ones. In Fig. 2
the outnut energy for a mirror of order n -> - is also plotted (dashed line): within the
framework of geometrical optics the corresponding mode should be uniform and the this line
represents the maximum energy that can be extracted from the rod with the given output

(a) (e) (a) (e)

(b) (f) (b) (f)

(c) (g) (c) (g)

2m-s P I1rd , os 04 -. 0 .4 0.8

(d) (h) (d) (h)

Fig. 3. Experimental near-field profiles Fig. 4. Experimental far-field (a-d) pro-
obtained by using super-Gaussian mirrors files corresponding to the near-fields of
of order 2.8 (a), 9 (b), and 35 (c) and a fig. 3 (a-d). Plots e-h represent the
hard edge mirror d). Plots e-h represent Fourier transform of the theoretical near-
the corresponding geometrical optics fields of Fig 3.
modes.
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losses. From Fig. 2 it is apparent that, for a fixed pump energy, the output energy
increases with n. However, being the dashed line the ultimate limit which can be reached,
we can see that with a resonator of super-Gaussian order greater than 10 one can get an
output energy near to the theoretical maximum.

Beam Quality

In the previous section the dependance of the output energy on the super-Gaussian order
n has been discussed. Let us now consider the effects of n on the beam quality. The first
effect regards the fine details of the mode profile and can be appreciated only by means of
the diffractive mode calculations: when n becomes very large, the near-field profile is
degraded by noticeable diffraction rings coming from the wavelets generated both by the rod
edge and by the mirror peripheral area, where the reflectivity undergoes to a sharp
decrease. This affects the near-field uniformity, but has negligible effects over the beam
propagation properties. A second more valuable effect depends on the main features of the
beam, obtainable from the geometrical optics mode calculation. For values of peak
reflectivity R_ and magnification M such that RoM- > 1 a central dip in the near-field
appears', which give rise to side lobes in far-field profiles thus limiting focusing
properties and on-axis brightness. This consideration can be understood with the help of
Fig.s 3 (e-g) and 4 (e-g) that show near- and far-field profiles calculated for super-
Gaussian resonators with mirrors of order 2.8, 9, and 35. Therefore two conflicting trends
are evidenced in connection with the increasing of n, namely the output energy grows while
the beam quality becomes worse.

Experiments

Mirror Fabrication

Variable reflectivity mirrors have been produced by means of a radio-frequency
sputtering deposition technique capable to generate dielectric layers whose thickness is
radially decreasing from the center to the periphery7 . To obtain the wanted peak
reflectivity (about 0.5), starting from a plane BK7 substratum, a tapered layer have been
deposited over a double layer antireflection coating . The other face of the substratum is
wedged by 1- and antireflection coated as well. To deposit the variable thickness layer, a
mask with an hole of diameter D has been placed between the target and the substratum at a
distance H from the substratum. Due to the shadowing effect of the mask, the reflectivity
profiles are always bell shaped and can be approximated by super-Gaussian curves whose
order n and spot size w_ both depend upon D and H.

The measured reflectivity profiles of four different mirrors (denoted by DFI,..,DF4)
obtained by this technique are shown in Fig. 5 (dots). The solid curves in the same figure
represent the best fits with super-Gaussian functions of order 2.8, 5, 9, and 35.

Laser Tests

The experiments with the mirrors considered above were performed using a pulsed Nd:YAG
laser with a positive branch unstable resonator. Except for the output coupler, the
configuration was the same for any super-Gaussian order and the resonator was made by a
plane variable reflectivity mirror and an high reflectivity mirror of -5 m curvature
radius, placed 450 mm apart. The laser head consisted of a close coupling cavity housing a
6.32 X 76 mm rod and was located 130 mm from the convex mirror. The measurements were
performed at low repetition rate, so that we could neglect the thermal lens of the rod and
the magnification factor was M = 1.8. Since the peak reflectivity is 0.49 for all mirrors,
according to (2), the geometrical optics round trip losses were 0.85 for all the
resonators. The spot sizes of super-Gaussian mirrors have been designed in such a way that
the mode intensity profile, for any order, was cut by the rod edge at 2% of its peak value,
thus giving comparable diffraction effects.

The output energies have been measured by means of a thermopile detector. The
experimental input/output relationships are represented in fig. 2 (dots) where the
predictions (solid lines), calculated by the model discussed in the theoretical section,
are also reported. Since the coupling losses are the same for all the resonators the
thresholds are theoretically identical, and experimentally only minor differences have been
detected; for this reason the pump energies have been normalized to the threshold
pertaining to the resonator with the mirror of order n=35.

It is surprising the excellent accordance of the theoretical curves with the
experimental data. This has been obtained by means of the least mean square algorithm
applied to (17) with the Neodymium cross section a as free parameter on account of the
spread of data reported in the literature for this quantity. The best fit has been found
for a = 4.6"10 - " cm2 : this value appears to be acceptable, since it falls within the range
of the reported data and, in particular, it agrees with some of them"'.

Near-field intensity profiles have been recorded by imaging, with a pair of plano-
convex lenses of 310 mm total focal length, the output beam on a linear array of 512
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photodiodes spaced by 25 Wm (Reticon). The far-field profiles have been recorded in the
plane of minimum spot size of a long focal (f = 973 mm) converging lens.

The measured near-field profiles obtained with the super-Gaussian mirrors of order 2.8,
9 and 35 are shown in Fig.s 3 (a-c). For comparison, in Fig.s 3 (e-g) the corresponding
geometrical optics mode profiles have been plotted. The experimental curves are in close
agreement with theoretical predictions. The dip in the center of the beam increases in
depth and width as the order n of the mirror is increased. For all mirrors considerable
diffraction rings are visible across the whole beam.

The far-field patterns corresponding to the near-field profiles of Fig.s 3 are
presented in Fig.s 4 (a-c). The related theoretical profiles, calculated by transforming
the geometrical optics near-field profiles of Fig 3, are shown in Fig.s 4 (e-g). As n
increases, beside the central peak, side lobes that carry out a significant fraction of the
total energy also appear. Due to this effect the half aperture 90% energy divergence ranges
from 0.2 mrad for the lowest order resonator up to 0.35 mrad.

The good agreement shown by measured far-field and theoretically predicted patterns
allow to affirm that, for all super-Gaussian resonators, the beams are diffraction limited.
To further confirm this observation we have compared the measured far-field profiles with
the Fourier transform of the experimental far-fields. To this purpose we have digitized the
amplitude profiles and we have assumed a plane phase-front: an example of this comparison
for the mirror of order n = 9 is shown in Fig. 6. It can be seen that the measured profile
is slightly larger than the transforms of both the geometrical and experimental near-
fields; however, the major source of discrepancy is thought to be due to the limited
resolution of the silicon detector array at the Nd:YAG wavelength"0 .

To compare the rerformances of super-Gaussian resonators with those of a more common
configuration, we have replaced the output coupler with an hard edge mirror (HD2) made by
depositing an high reflectivity coating over an antireflection substratum. The diameter of
the reflecting area was designed in such a way that the geometrical mode was tangent to the
rod aperture. Since the reflectivity is 1 the geometrical optics coupling losses were 0.69
whereas the diffractive ones were smaller (0.57), as expected. The output energy was
significantly lower (392 mJ) than that obtained, for the same pump energy (34 J), from the
super-Gaussian resonator of the highest order (430 mJ). This confirms that for the hard
edge resonator the actual mode is well different from the uniform mode predicted by the
geometrical optics and, according to our model, the lack of a complete filling of the rod
accounts for the low energy. Indeed, as expected, the geometrical optics is a poor
approximation for hard edge resonators due to strong diffraction effects also visible in
the near-field pattern reported in fig 4 (d). Moreover the donut mode, resulting from the
lack of a transmissive coupling, generate a considerable increase of the side lobes in the
far-field pattern visible in fig. 5(d). It is worth noting that we have also operated an
hard edge resonator (HDI) with the same geometrical coupling losses as for super-Gaussian
resonators, getting an output energy even lower than in the case previously considered.

For a conclusive comparison we have summarized in Table I the output energies obtained,
for the same input energy (34 J), from the super-Gaussian resonators and from the hard edge
resonators.

TABLE I
Output characteristics of s-G resonators

mirror DFI DF2 DF3 DF4 HDI' HD2'

output energy' 280 314 364 430 296 392
(mJ)

Input energy 34 J
Hard edge, totally reflocting

Conclusions

The properties of unstable resonators that use variable reflectivity output couplers
have been investigated for several mirrors with reflectivity profile covering the whole
range of super-Gaussian functions.

The fraction of the rod volume occupied by a significant mode intensity has been shown
to increase with the order n; this explains the increment of the energetic efficiency with
n, also confirmed by the experimental data, and accounts for the superior performances of
super-Gaussian resonators over Gaussian ones. Going from n = 2.8 to n = 35 the output
energy increases by a factor 1.6 and approaches the upper theoretical limit, corresponding
to a flat mode into the resonator.

The transmissive coupling of super-Gaussian mirrors and the tapering of the
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reflectivity profile are key points to obtain, from super-Gaussian resonators of any order,
diffraction limited beams with smooth profile; however, as n increases, the central dip in
the near-field becomes more and more pronounced, and side lobes appear in the far-field,
slightly decreasing the on-axis brightness.

The comparison between super-Gaussian resonator and traditional unstable configurations
demonstrate that super-Gaussian resonators present the following advantages: (i) for any
order n they generate diffraction limited beams; (ii) for order n > 10 the output energy is
higher than that obtained from hard-edge resonators; (ii-) the beam divergence, although it
gets worse as n increases, is always better than that of hard edge resonators.
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Atot lract

We r eport a ntew t ecn iqite wh i ci al lows to mon i tor, it real t ime , pulse to pulse changes of mode size,

pulse lengt ht, 1 tansverse Mode i jst ri but ioil of ally pulsed laser independent ly ot fie pulse length from milli

t f eat asoco uds . Same experimental results relative to pulse length changes in both a titode 1 ocked Nd : YAG
laser and a free electron laser (FEI.) are discussed.

Introduct ion

In t lie characterizal ion of pico and fentosecond laser pulses many solutions have been proposed and
este d 1-3 in order to overcome the problems related to the limited bandwidth of the conventional detectors.

Most of these techniques can be used to reconstruct the actual profile of the pulses but they are based on
the measurement of the second or higher order intensity autocorrelation functions, so that they yield only
the average pl)so shape.

With t hose considerat ions in mind, we have proposed for both a free electron laser 3,4 and flash

puiit Nd:YAG laser with active and passive mode locking 9,10 a new technique which allows the simultaneous
measurement , in real time, of tfe pulse-to-pulse changes in mode size and pulse length of laser pulses. One
of the major advantages of this technique is that it can be used for any pulsed laser system indipendently of
te pulse length from femtosecond to millisecond. The validity of the results rests on the hypothesis that
the power distribut ion on the transverse laser modes can be arbitrary but constant. during the measurement
t ime. Numerical and experimental analyses have demonstrated that this hypotesis is largely verified in FEL
systems and in solid state lasers with active mode locking where the transverse distribution is almost a
"EMoo t;attss-.aguerre mode. On the other hand, as this hypothesis might be easily not fulfilled, taking
advantage of the 1)roperties of the S.H.G. we have gained the possibility of removing the previous
ment ioned restrict ion. It this improved version our technique allows the real time monitoring of the pulse to
pulse variat ions of mode size, pulse length, and tower content of the fundamental mode for any pulsed laser

system 5
The paper is organized as follows: in Sec.ll we calculate the S.tt.G. efficiency in different focusing

cooditions taking explicitely into account possible transverse mode mixing effects; in Sec.III we propose to
modify tIte above ment ioned technique in order to measure mode coupling effects in any laser pulse and report
some experimental applications of the technique.

Second harmonic generation with multitransverse mode beams

In tftis sectiot, we want. to carry out a detailed analysis of the main features of the S.H.G. with
tidepletod pump taking explicity into account multitransverse mode effects. When the exact transverse
distribution has to be explicitly considered, the incoming beam can be expanded in a series of either
laguerre-Gauss or lHermite-Gauss modes the two representation being perfectly equivalent also in view of the

cottversion formulas derived in refs. 14. Here, we have chosen Laguerre-Gauss modes, because their use

permits a not iceable shortening of the time required by the computer code developed to calculate the
conversion efficiency. Therefore, the generic TEMnp ort-honormal mode can be written as

I
I [r 2p! ]' r

' )(r,,P,z) V2 - ( 2 - )P

w(z) (p+)! w(z)

2r2 -1 z kr
2  r

2

"p (z) exp [ i( tail (--) - - ) - - I cos(-n)

z R  2R(z) w
2
(z)
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w(z) = wo( I+- P R(z) ( 1+ 1+- 1 (1)Z R R2 z
2

where wo is the waist, ZR = nW0
2
/ is the Rayleigh length, k = 2,i/ the

wavenumber, p n(x) the generalized Laguerre polynomial, p and n are the radial and angular mode numbers

respectively. It is obvious that any field distrit:ition (E l) of the first harmonic beam can be

simply written as

E' = Z : an,p , Fnp(r,0,z) (2)

n=0 p=0

Taking advantage on a generalization ol the approach originally developed by Bjorkholm 11 and by

Boyd et al. 13 we can calculate the second harmonic field, generated by any first harmonic distribution.

In this way we can write the conversion efficiency of S.H.G. in the undepleted regime for an input first

harmonic beam with a multimode transverse field distribution as

= p2 /P1
2

C12 ZR

= 2LD
2 Q( - , Wp , n, p, a

2
np) (3)

L

where L is the length of the crystal, X is the first harmonic wavelength in vacuo, C1 and ,2

are the impedances of the nonlinear medium evaluated at the first and second harmonic frequencies

respectively, W is a number that take into account the waist

position in t~e crystal (i.e. W 7-0.5 and W =0.5 means the waist in the middle of the crystal and

one half crystal length out respecively). D4pO/ F2 d and

2f T

Q do I pdp J I[ anp T np
2
d 

2  
(4)

0 0 0

where , 
=

0
2 
'+(p,(,O) and p=r/W o C=Z/L. We stress that the optical properties of the crystal

are described by the proportionality constants of Eq. 3 while the adimensional function Q takes
into account the influence of the intensity transverse distribution of the first harmonic beam.

We intend, now, to investigate the effects of moving focus on the conversion efficiency

in the limiting cases of ZR/L<<l (strongly focused beam) and ZR/L>>l (columnar beam) 11, 12. This

analysis is instrumental, as discussed in the next section, for the mode coupling analysis.

Taking in mind the asymptotic behaviour of the function Q we can write:

Q(ZR/LWp n,p)JZR/Ll ql ZR/L

Q(ZR/L,Wp nP)JZR/Ll z q2 L/ZR

TABLE I

TEM 0  TEMo TEM 10  TEM i  TEM02  TEM2 0

W p q1  q2 x10
1 

q1  q2 xl0
1 

q1  q2 xl0
2 

ql q2x
1
02 ql q2 xl0

2 
q, q2 x

1
0
2

-0.5 3.70 1.295 1.37 0.647 2.41 2.432 0.64 1.513 0.64 4.423 1.36 1.823

-0.25 4.45 1.294 1.41 0.647 2.32 2.430 0.73 1.512 1.02 4.420 1.5 1.822

+0.25 2.5 1.288 1.35 0.644 0.091 2.420 0.14 1.505 0.82 4.399 0 1.813

+0.5 1.22 1.282 0.71 0.641 0.03 2.408 0.045 1.498 0.4 4.381 0 1.805

TAB.I Some values of the constants q1  and q2  (cf. Eq:. 5).
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An inspection of Tab. I shows that the constant ql is more sensitive to the waist
position than q2. We explicitely remind that values reported in Tab. I are relative to
the single transverse modes. Now, we focus our attention to the case that the first
harmonic beam has a transverse field distribution like E1 = 41-a E0 0 + Va E0 1 where Ct is the
percentage of the power coupled with the mode TEMO1  of the first harmonic beam so that a2 00 = 1-U,
a2 01 = a.

In view of the application discussed in the next section we calculate, by an
appropriate computer code, the conversion efficiency for a fixed value of the focusing
parameter E=L/ZR but in two different positions of the beam waist with respect to the
crystal, versus the mixing parameter a. Taking advantage of the previous analysis, we are
able to plot the ratio between the conversion efficiency when the waist is positioned near
the middle of the crystal and the same efficiency when the waist is out of the crystal.
Fig. 1 shows the ratio 91/92 versus a for ZR/L=0.1, where nI and 02 are the efficiencies when
the focus is respectively in the center of the crystal and one half crystal length out.

.8

.6

.4 \*

•I

.2- /-

o .2 .4 .6 .8

a

Fig.l. The ratio Ql/n 2  (cf. Eq. 8) versus the mixing parameter a.

Experimental Applications

For the sake of making this paper self contained, we first briefly review the
technique in its old version, then we analyze the proposed improvements for the mode
coupling analysis. In a nonlinear crystal of length L the peak powers P2 and P1 of the second and first-
harmonic beams, respectively, are related by

jq1 ZR/L for ZR/Lol.
P2

(6)

yq2L/ZR 
for ZR/Ll

where y is a constant of proportionality depending on the nonlinear properties of the
crystal, q, and q2  (cf. Sect. II) take into account the transverse intensity distribution of the
first-harmonic beam.
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Fig.2. Schematic of the measurement set up. The filter F suppresses the first harmonic. S and L refer to
the two channels with short (f.) and long (fL) focal length lenses, respectively. DAS means a data
acquisition system for the automatic acquisition and elaboration of the experimental results. The
dashed line represents the additional channel for the mode mixing analysis, which is not present in
the old version described in refs. 3,4,9,10,15.

We explicitly remind that all the detectors, shown in Fig. 2, are requested to have a responsivity
time much longer than the pulse length. With reference to Fig. 2, a small fraction of the incident laser
beam is sent to the detector Dl, which, according to the previous discussion, delivers a signal

il - E1 - Pill

where E1 and T, are the energy and the time length of the first-harmonic pulsa, respectively. Then the main
part of the beam is divided into two parts, by the beam splitter BS. These two beams are sent into two
nonlinear crystals (NL) after being focused by the two lenses with focal lengths fs and fL" fL is so long
that the condition ZR/Lol is satisfied, while fs is so short that ZR/Lo1. In a similar way to the detector
Dl, the detectors DS and DL provide current signals (is,iL) proportional to the energy content of the second-
harmonic pulses produced in the nonlinear crystals in the different focusing conditions. Relying to Eq. 6 we
can write:

ZR J'iL/iS
(7)

4i1 4/is'iL

which are the basic results of our analysis. Equations (7) show that, through a proper combination of the
signals provided by the detectors, it is possible to monitor, in real time, the change of the mode size (ZR)
and the pulse length (T) (see refs. 3,4,9,10,15 for more details).

As previously discussed the technique, in its old version, can be used only for the real time
characterization of pulses delivered by laser systems with no mode fluctuations, although it already proved
extremely useful to investigate either deterministic behaviours (e.R. self guiding effects in free electron
lasers 3,4) or random fluctuations (e.g. mode locked Nd:YAG lasers 9,10).

Relying to the results obtained in sec. II, an inspection of Fig. 1 suggests a simple technique to
monitor the pulse to pulse fluctuations of the power distribution of the transverse modes. In fact, with
reference to Fig. 2, in the fourth channel (dashed line, not present in the previous experimental set-up of
the technique) the beam is focused in the same way as in the channel with ZR/L q 1, but the focus is
positioned outside the crystal so that we can write:

nI - J- W iS'2/(ilTl)2

P' W =-0.5, ; l

r12  P2 -- is *T2/( iTI
)2

P1  Wp=0.5,E&sl
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is
rl = l/ r2 7

iS

where is , is", and il are the intensities of the current provided by the photo detectors DS, DS* and Dl.

Because the focusing parameter is the same for n I and n-), the ratio of the currents iS and i S  is

dependent only upon the mixing parameter a, so we can easily relate the ulse to pulse fluctuations of r* to

the fluctuation of a. This goal can be achieved comparing the values of r) , normalized to their maximum, with
the curve in Fig. 1.

Application to a free electron laser (FEL)

In this section we shortly review the main results obtained by applying the previous technique

to look for the experimental evidence of self guiding effects in the free electron laser (FEL)constructed on the MARK III linear accelerator at Stanford 34
The output radiation of the MARK III FEL consists of a train macropulses (some microseconds long), each

of which contains micropulses (about 500 fs long), spaced 0.35 ns apart.
We have applied the previous technique to analyze the evolution of these micropulses during the buildup

of the radiation. The Rayleigh length of the fundamental mode is about 0.75 m, and the distance between its

waist and the measurement apparatus is about 8 m. We have used two crystals of lithium niobate

with a length of 5 mm. After being focused, the two beams had inside the two nonlinear crystals a

Rayleigh length equal to 1.5 cm = 3L (with fL 1 m) and 0.6 mm = 0.15L (with fszO.2m). With thtse

parameters, we have derived the results plotted in Fig.3, where both the Rayleigh length and the

pulse duration have been put equal to one at the beginning of the macropulse (t=0). The dynamic

range of our setup is about 30 dB.
Zr

1.5.

0.5 1 t(A)

1

Ir
0.5-

0 0. 1 e

Fig.3. Evolution of the Rayleigh range (ZR, on the top) and of the pulse length (T, in the middle) during

the buildup of the radiation (at the bottom) in the MARK III FEL at Stanford (7,9). The signal i1 ,

provided by the detector Dl, is proportional to the energy of the first-harmonic micropulses. As a

reference, we have set t=O, ZR=I, and T=l at the beginninng of the macropulse.
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Application to a mode locked Nd YAG laser

We have used this technique to characterize a Nd:YAG laser, which is a flash-lamp pumped laser system

with both an active (acousto-optic) and passive (saturable absorber) mode locking. Its output beam consists
of pulse trains (repetition rate up to 20 Hz and energy equal to about 3 mJ), each of which is formed by
about 12 individual pulses (30 ps) spaced apart by about 7 ns. The output coupler of the laser resonator can

be selected among 4 different plane etalons. According to the particular choice, the length of each
individual pulse can take any of the following values: 30, 50, 100, and 200 ps. Then, a single-pulse selector
extracts the pulse with the highest energy (about 0.7 mJ).

As a first result, we report the variance of the pulse length as a function of the detuning parameter L

= (fAOM - fc))/fc' where fAOM is the driving frequency of the acusto-optic mode locker and fc 
= 

1/2T, T
being the round-trip time of the optical resonator. Fig. 4 shows these results in both the cases of an aged

and a fresh saturable absorber, by aged saturable absorber we mean a saturable absorber after about 200.000

shots.

0.7

GSS
0

030

0.10 3

Fig.4. The relative variance of the time duration (a.) as a function of the detuning parameter
A = (fAOM - fc/fc for an actively-passively mode locked Nd:YAG laser. By relative variance we mean

the variance of the distribution divided by its mean value. Both aged (circles) and fresh (triangles)

saturable absorber have been considered. By aged saturable absorber we mean a saturable absorber

after about 200.000 shots.
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Abstract

Glow discharges with axial gas flow are an efficient technique for the excitation of gas-
dynamically cooled CO lasers. We have investigated the scaling laws of DC discharges with
flow velocities of several hundred meters per second. In order to increase the stability
of the discharge a turbulence was introduced at the upstream end of the discharge tube. In
this way it was possible to realize high mass specific input energies at discharge
pressures of about 500 mbar.

The experiments proved that in spite of the high flow velocities the discharge can be
compared to a classical axial glow discharge with no gas flow. E.g. no dependance of the
discharge on the expansion nozzle (which is used for the gas dynamic cooling of the
excited gas) was observed. In other words, the discharge is restricted to the volume
inside the discharge tube. It could be shown that an optimum for the specific energy input
exists and that a pressure drop by a factor of 2 - 2.5 is necessary for the generation of
the stabilizing turbulence. The investigations of different discharge geometries revealed
that maximum mass specific energies are possible if the mass flow is restricted to small
values.

The results of the glow discharge experiments were used to develop a concept for the
excitation of a multi-kW-laser.

Introduction

Carbon monoxid lasers can be operated with very high efficiencies (i.e. ratio of laser
power and excitation power) if the gas is cooled to cryogenic temperatures [1]. This can
be accomplished in a simple and efficient way by the use of a supersonic nozzle. The
adiabatic expansion of the gas enables the operation of the laser even at extreme low
temperatures (at about 50 K). Due to the very slow vibrational relaxation of carbon
monoxid, it is possible to excite the gas before it enters the nozzle [2,3]. In our
experiments we applied a DC glow discharge with a fast axial gas flow . Because of the
high discharge pressure of several hundred mbar it is necessary to use a special
gasdynamic method in order to maintain a stable and uniform discharge. We injected the gas
through an annular slit around the anode at the entrance of the discharge tube and
generated by this way a strong turbulence at the surface of the electrode with the
upstream position. This improved the homogeneity of the discharge properties and allowed a
significant increase of the discharge power without giving rise to the formation of
streamers.

Discharge-Tube Nozzle Resonatr

Wlwe Difue ISLAO CAHD (ND

Anular Sli Hu--EMch ger 1

aa

Fig. 1: Gasdynamic CO laser with closed gas cycle. Fig. 2: Experimental setup.
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The results of a system analysis, made for a gasdynamically cooled CO laser with a closed
gas cycle (see Fig. 1), showed that it is of utmost importance to operate the discharge at
high pressures. By this way it is possible to decrease the pumping speed of the blowers or
rootspumps, which are needed for the recompression of the gas. Since the pump size is in
direct proportion to the pumping speed, this results also in a reduction of the total
laser volume. Furthermore, it could be shown that it is necessary to minimize the pressure
drop which is used for the generation of the turbulence at the gas injection. Thereby the
overall efficiency of the laser is increased, while less pump stages are needed for the
recompression of the gas.

Fig. 2 shows the technical setup, which was used during all our experiments. The anode at
the entrance of the tube was displacable so that different pressure drops at the annular
slit could be used for the generation of the turbulence. By isolating the nozzle from the
rest of the structure it was possible to measure the current into the converging and
diverging parts of the nozzle seperately. In all experiments we used a standard mixture of
gases, which consisted of 12 % carbon monoxid, 87 % helium and 1 % oxygen and which was
found to give best results in respect of discharge and laser power. Unless otherwise
stated, the length of the tube was 200 mm and its diameter 16 mm.

Results

Fig. 3 shows the dependance of the mass specific laser energy (i.e. laser power per mass
flow) on the mass specific excitation energy for different discharge pressures. The
maximum mass specific excitation energy is given at the end of each curve by the
occurence of streamers. Beyond a pressure of 250 mbar the maximum of laser power is
realized at mass specific excitation energies of 400-500 J/g. This power input is hard to
achieve at pressures of 300 mbar and more. Since the laser should be operated at high
pressures, as noted before, it is in general necessary to excite the laser with the highest
possible energy.

goo 20
500 O

I J/o Discharge Pressure 600 30 0
+0 ,95 s

65 425
A 200 0
Ch 4 400 20 K200 1030

r-I
LAJ

10 /i + _ __oo_ _ _ _ _ _ _

°X
200 10

I0 / 0 , . . . 0

100 200 300 400 mba 500

0 Discharge Pressure, p -
0 200 400 600 J/g 600

Spec. Excitation Energyfe, E .,:a' Ell.mi.,, epa: mims . Fm-01d PL- w1lea: L~uf-Bflduiay eg .: nmlle bsilab. PL-mw.

Fig. 3: Mass specific laser energy versus mass Fig. 4: Dependence on discharge
specific excitation energy. pressure.

Fig. 4 presents the characteristic laser parameters as a function of discharge pressure.
The mass specific excitation energy in this figure has been chosen in such a way to give a
maximum of laser power. This coincides, as mentioned before, with the maximum of discharge
energy, if pressures beyond 250 mbar are considered. While the mass specific excitation
energy decreases linearly as the pressure rises, the laser efficiency (ratio of laser
power and discharge power) increases till a pressure of about 400 mbar is reached. This
may be interpreted in a way that the boundary layers inside the nozzle are decreasing for
an increase of pressure. The decrease of boundary layers, which are regions of high
temperatures, will result in a decrease of the average gas temperature, which will then be
followed by an increase of laser efficiency. As result of the loss of mass specific
excitation energy and the gain of laser efficiency the mass specific laser energy becomes
a characteristic constant (approx. 40 J/g).

Since the flow velocity inside the tube is in the order of several hundred meters per
second, it may be anticipated that a large fraction of the discharge current is displaced
into the nozzle. The seperate measurements of the currents into the converging and
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diverging parts of the nozzle however proved that only a minor amount of the total current
is drawn into the supersonic part of the nozzle. Fig. 5 shows that more than 92 % of the
discharge current is restricted to the volume inside the tube. Furthermore, we observed no
difference in laser power, when we isolated the nozzle totally and operated it with a
floating potential.

15 800

% olation 0 / 200 abar

12 A 1 600
10 !Soo300 mbar

eSO0

6- " 300 440 mbar

4 - 200

2 100

0 10 20 30 40 So 60 70 So 70 mA 110 C2 3 5

'to td a 
P re s s u r e -D ro p -

Fig. 5: Displacement of discharge current by gas- Fig. 6: Maximum specific discharge
flow. energy as a function of

the pressure drop
at the anode slit.

The stabilizing effect of the turbulence at the anode surface is strongly dependant on the
pressure drop at the annular slit around the anode. Since the overall efficiency of the
laser is affected by the magnitude of the pressure drop, it is necessary to derive the
exact relation between the maximum power input without streamers and the ratio of
pressures before and after the slit. Fig. 6 shows that at least a pressure drop by a
factor of 1.7 is required for the generation of an efficient turbulence. If the ratio of
pressures is increased further, it is still possible to increase the power input until a
pressure ratio of about 2.5 is reached. In order to design carbon monoxid lasers with high
power outputs, the mass flow within the laser has to be increased by an enlargement of the
throat area. We have therefore investigated the geometric scaling laws of the maximum mass
specific discharge power. Fig. 7 shows the behaviour of three tubes with different
diameters, in which the ratio of the throat area and the tube cross section has been kept
constant. The strong decrease of discharge power with increasing tube diameter (or mass
flow), strongly indicates that the discharge is stabilized by the tube walls.
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Fig. 7: Maximum specific excitation Fig. 8: Excitation efficiency (vibrational
energy for three different excitation/total excitation
tube diameters. by discharge) as function of

specific excitation energy.
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Since the gas flow is choked at the annular slit of the anode, the mass flow remaines
constant, even if the discharge power (and thereby the discharge pressure) is changed. It
is thereby possible to show [4] that the stagnation temperature at the entrance of the
supersonic nozzle is proportional to the square of the stagnation pressure. By calculating
the stagnation temperature, the distribution of the total energy input into the
tranlational and vibrational degrees of freedom can be derived. Our experiments showed
(see Fig. 8) that the excitation efficiency (i.e. the ratio of vibrational excitation and
total energy input) is independant of the tube geometry, but it is a function of the
specific excitation energy. This is in accordance to the experiments of Daiber [5], who
has shown furthermore that the energy losses by the walls are less than 5.5 %. In this way
it was also possible to demonstrate that the excitation efficiency is nearly independant
of the tube length. This result corresponds to the very slow vibrational relaxation of
carbon monoxid.

Summary and Conclusions

We have demonstrated that high mass specific excitation energies can be achieved, if the
mass flow within a tube (or the throat area of the nozzle) is limited to a small value.
The experiments also proved that the excitation of vibrational enery is nearly independant
of the flow time of gas within the discharge. For high power CO lasers it is therefore
recommended to distribute the total mass flow among several parallel discharge tubes. The
small mass flow of each tube can then be excited with high specific energies. Since the
relaxation of the excited carbon monoxid is slow, it is possible to reunite the seperate
mass flow at the entrance of a common nozzle without loosing vibrational enery. The nozzle
itself may be regarded as independant of the discharge and may be made out of plastic.
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ABSTRACT

Higher order nonlinear scattering and third harmonic generation via an induced SHG-three wave mix-

ing have been observed in the organic crystal (-) 2-(a-methylbcnzylamino)-5-nitropyridine (MBA-NP).

The third order susceptibility XO ) of MBA-NP were determined to be on the order of 10"12 esu.

3.0 C143

The future era of information, signal pro- -aNo*

cessing, and optical computation has lead to the
search for optical materials which possess extremely

large and fast nonlinear coefficients'. The need for
efficient conversion of SHG using low power sem- 2.0

iconductor diode lasers has increase the search for z

suitable nonlinear media to improve the storage
density of an optical information system 1 . Non- <
linear optical material Various kinds of it-

conjugated organic materials have the potential to fit
these requirements' s . (-)2-(a-methylbenzylamino)- 1.0

5-nitropyridine (MBA-NP) has attracted interest
because of its high optical damage threshold and
fairly large X 2 .

MBA-NP crystal is a biaxial crystal
belonging to the monoclinic crystal class with point
group5. The procedure to grow the MBA-NP crys- 00 I I 800 1000 1200200 400 600 800 1000 1200

lals was described in reference 5. The optical
absorption spectrum of MBA-NP is shown in Fig. WAVELENGTH (flm)

I. This curve determines the optical attenuation Figure 1. Absorption spectrum from MBA-NP.
mid spectral region for resonant nonlinearity. The The thickness of sample is 50 pin.
absorption depth at 350 nm is about 2gtm.
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Figure 2. Nonlinear signal from MBA-NP in Figure 3. Intensity dependence of utput

UV arid visible spectral regimes generated by intensity at frequecy 2a1-o" from MBA-NP
1054 nni, 8 ps laser pulse,,. generated by 1054 nm, 8 ps laser pulses.

In the experiment, picosecond laser pulses at 1054 nm were generated by a mode locked Nd:glass laser with a
spectral width of - 80 cm-1, peak power -10+9 W and the pulse duration - 8 ps. KDP crystal was used to generate the
second-harmonic of the 1054 nm laser. The laser beam was focused with a 28.5 cm focal length lens into a 0.6 mm thick-
ness single crystal of MBA-NP. The beam diameter at the sample was about 1 mm. The output signal in visible and UV
regions were collected by a 10 cm focal length lens and directed into a 0.25-m Jarrell-Ash spectrograph with a PAR OMA
Ill video readout system for spectral recording and analysis or a 0.5 m Jarrell-Ash spectrometer with a photomultiplier tube
for intensity measurement. The output light in near-IR region was measured using either a 0.5 m Jarrell-Ash spectrometer
with a Ge-photodiode or a PbS-photodiode detector, or a 0.25 m spectrometer with a CCD camera readout system. Neutral
density and color filters were used to adjust the light intensity focused on the sample.

A typical nonlinear spectrum from 300 nm to 600 nm is displayed in Fig. 2. The salient feature of curve displayed
indicates that there are four distinct maxima located at 527 nm (SHG), 560 un, 351 nm (THG), and 364 nm.

The intensity at THG is about 0.1% of the light intensity at 527 nm (SHG). One key characteristics of the signal is
that the intensity ratio of 15.4I.7 is almost equal to 16/I351 under a large change (4.26109 - 1.95x10 ° W/cm 2) of the
incident 1054 nm laser pulse intensity. The intensities at 560 nm and 364 nm are about one tenth of the intensities at 527
nm and 351 nm, respectively. The signal intensity of SHG frequency 527 nm varies as 12m _ I2. The signal intensity at
THG is found to be almost linearly to that at SHG. The strongest second and third harmonic of MBA-NP was obtained
when the polarization of the incident laser is parallel to one of the major axis. The SHG intensity varies periodically as a
function of the incident polarization rotation ar und the incident beam. The period is 1800. Good phase-matched second
harmonic generation was not observed. When ooth incident polarization and the MBA-NP crystal axis were perpendicular
to the entrance slit, the signals at 560 nm (20)-wo)) and 364 run (3w-0o)) were observed. The spectral shift v p = 992 cm-t .
The signal intensities at 2o-(o P and 3)-o) p have shown a strong dependence on the incident pumping laser intensity at 1054
nm. The intensity of signal at 2)-)p is plotted in Fig. 3 as a function of incident laser intensity. The addition of 527 nm
laser pulses together with 1054 nm into the MBA-NP crystal resulted in an increase in the net intensity at 2). No
significant influence on the intensities at 2o)-w,, and 3w-oP was observed.

Since the absorption depth of MBA-NP at 3o is small, the generation of the signal at 3o) arises near the surface.
The signal at 30 can be generated from both the third harmonic generation [ - X3) I and the three wave mixing [ oc X(2) 1.

To find out the process generating the signal at 30, both transmission and reflection methods were used. The experimeital
results show that the intensity at 3 is linearly proportional to the intensity at 2w for both cases when the input laser
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intensity at 1054 nm was high and kept constant. These observations indicate that the signal at 3w mainly originates from
three wave mixing between 2o3 and (o. It was estimated experimentally that about 10% of the intensity the signal at 3to was
generated from THG through X(). The absoqtion depths of both MBA-NP and ZnSe are comparable to the coherence
length. The well known theories of THG9"t1 were used to estimate the value of the third-order susceptibility of MBA-NP. It
was found that the X() of MBA-NP is less than one percent of that of ZnSe, about the order of 10-12 esu. This size of X(3)

may explain why some other important nonlinear optical processes such as SPM and XPM were not observed in this sam-
ple.

The experimental results showed that the signals at frequency 303-(oP arise from the three wave mixing with 0 and
2co-wp. In this case the signal intensity varies as 13,.. " [X(2)]21 t2". Therefore, the ratio of the intensity at 2-wp over
the intensity at 2o) is identical to that 3o)-wp over 30, a; shown in Fig. .

The most interesting measurements are the observations of signal' 2 generated at 2wo-wP which can arise from four
possible processes. Firstly, it may be the stimulated Raman scattering of 2. Secondly, it may be the second harmonic of
strong stimulated Raman scattering of the pumping laser at 1120 nin. Thirdly, it may be three wave mixing of the incident
laser (o and its stimulated Raman scattering (op = 992 cm-1) at 1177 nm. Fourth, it may be stimulated hyper-Raman scatter-
ing of the primary pumping laser. When an externally 527 nm laser pulse with an intensity comparable to the SHG gen-
erated by 1054 nm passed through the MBA-NP crystal, no signal at 2wo-wp was observed. Furthermore, if the incident
intensity of the primary pumping laser was kept constant, the output intensity at 2w-wp remained almost constant when the
intensity at 2wo was changed externally. In our experiment, no large peak at 1120 nm or at 1177 nm were observed. This
observation rules out the second and third possibilities. Therefore, the signal at 2w-03, could be hyper-Raman scattering by
the primary laser w. More work is needed to identify these peaks.

This research is supported in part by grants from Hamamatsu Photonics K. K., Organized Research at CCNY and
the Pitofessional Staff Congress/Board of Higher Education.
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ABSTRACT

Temporal profile of a linearly polarized ultrashort laser pulse modulated by a co-propagating
perpendicularly polarized strong laser pulse with the same frequency in condensed matter has been
modeled. Degenerate-cross-phase-modulation can be applied for femtosecond optical pulse compres-
sion without the use of gratings or prisms and signal processirg due to the small walk-off between the
pumping and signal pulses.

When a weak pulse propagates through a medium whose index of refraction was changed by an intense laser pulse,
the phase of the weak pulse can be modulated by the timc variation of he index of refraction originating from the primary
intense laser pulse. This process is called cross-phase-modulation (XPM). 1-7 This nonlinear process has important potential
applications based on the picosecond and femtosecond technology. Several schemes of nonlinear interactions between opti-
cal pulses can lead to XPM. For example, XPM is intrinsic to the generation of stimulated Raman scattering (SRS)
ptllses 1- 3.1.9, second harmonic generation (SHG) pulses' 0,', and stimulated four photon mixing (SFPM) pulses 12. More
importantly, the XPM generated by pump pulses can be used to control the temporal, spectral, and spatial properties of
ultrashort probe pulses13-1'7.

In this paper we report on a new class of XPM: degenerate-XPM (DXPM) in which two or more laser pulses with
the same frequency but different polarizations interact. Our analysis on the DXPM describes a new way for optical pulse
compression in fibers without the use of gratings or prisms.

The optical electromagnetic fields of copropagating pulses must satisfy Maxwell's equation:

a2V×VxE=-p 0 -- , (1)

where D can be written as D = EE+PN and c is the medium permitivity at low laser intensity, and PNL the nonlinear polar-
ization vector. The nonlinear polarization can be written as:

= 1" X ,e-( ,c 3)E-(O))Ek(w2)E1 (w,) , (2)
jkl

where o)4 = w0+)2+o by the conservation of ,nergy, X(3) has 81 elements in general. In isotropic media there are 21
non-zero elements, of which four can be different and only three are independent' s . In quasi-monochromatic approximation,
the total electric field can be written in the form of6 :

E = I ;xA,(r,z,t)exp[i(oot - k,z)] + yAY(r,z,t)expi(wot - kyz) + c. c. . (3)
2 L 1

Substituting Eq.(3) into Eq.(2) and keeping only the terms synchronized with 0 0, one obtains

rn IAX(3)A 12A A2 A k
P = 8 3  1 2A + 2 1Ay A,+ AA exp(-iAkz)]exp[i(eo)t- kz)], (4a)
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pNL (3) [3 Ay 12Ay+ 2 IA,1 2A,+ AA;exp(i2A.z exp[i(oot- kyz) (4b)

where Ak = k, - k, is the propagation constant mismatch between the two orthogonally polarized waves. The last terms in
Eqs. (4a) and (4b) arise from the degenerate four-wave-mixing. Their contributions to the XPM only appear when both
pulces are at the same frequency because of degenerate nature of the polarization components. Their influence to the XPM
pr ess depends on the extent of the phase matching of the two orthogonally polarized pulses characterized by the beat
length L8 = 27r/(k, - ky). If the length of medium L>>LB, the contribution of last terms in Eqs. (4a) and (4b) can be negli-
gible. In this case, the DXPM between the two polarization components is similar to that between two waves at different
frcqurncies but same polarization.

The coupling term for the DXPM is weaker than that of XPM where the coefficient for the cross term is 2 for
DXPM instead of 6 for XPM6 . All the solutions for XPM between two waves at different frequencies are valid to this
DXPM case by replacing the factor 6 by 2. Their contributions must be considered when L is small in comparison with LB.
To study the properties of DXPM in the later case, phase matching Ak= 0 is assumed in the following discussions.

Combining Eqs. (1)-(4) and using the slowly varying envelope approximation, one obtains the coupled nonlinear
wave equation which governs of the two polarization components 6:

= (%A 12+3 2 1A 1A2"A] (5a)

az 1  A 2 a2  2 3

MYr I aAYv .. (2) o2Ay WOon 2 1( 2 I .Y 12.
1 + ilk IA 1 1+ IA, I A, 1

where Vga = vgy = vg, k(2) is the group velocity dispersion, and n 2 = 3X(3),./Sn is the nonlinear refractive index.
Numerical methods are used to solve Eqs. (5a) and (5b) in general cases. However, analytical solutions can be

obtained when the group-velocity dispersion and temporal broadening are neglected.
Denoting the amplitude and phase of the pulse envelope by a and o., respectively, A, can be written as

Aji,,z) = ajexp[ict(t,z)] , (6)

where j=x,y. Eqs. (5a) and (5b) reduce to

az. - _o n 2a2a,sin2(ox - o,) , (7a)az 3c

(Z = - -n2 [a. + -a2 + la cos2( c t (7,)]b)

. ...= w n2a a2 (z - ay) ,(7c)

a =  
2, + + acos2(c - , (7d)

where T (t - zlv,). Assuming that cE,- ca= 0, one obtains the analytical solutions for Eqs. (7a)-(7d)

A 1(r,z) = a.(r,z=O)exp(ict.) (Sa)

Ay(1,z) = ay(r,z4=O)exp(iu,) (8b)

with

x = 0 2(2 + a (8c)
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ay=u- (8d)

From these solutions, it can be seen that the initial assumption is satisfied.
The instantaneous DXPM induced frequency chirp can be obtained by taking the differentiation of the phases c6

and o,. The envelope of Gaussian pulses at z=O are given by

A,(,r,z--O) F!_.- (9a
,=e , (9a)

A, (r, z---) = e- '-d)22T , (9b)

where P. and Py are the pulse peak power for x and y polarized waves, respectively, Ay is the effective cross section area,
'd is the time delay between two pulses at z=O, and To is the I/e pulse duration.

The instantaneous DXPM induced frequency chirp are:

A = 20)0n 2 [P "L -,2TJ py (T-Td) e-( -1t0a 1cAff TOe  TJ O

Awon= 2°n P, T _ 
T
j + P. 12 (10b)cAff TO TO I

where A 1, = t, - wo and Awy = +(oy - o. The first and second terms on the right hand side of Eqs. (10a) and (10b) are
contributions arising from SPM and XPM, respectively. It is interesting to notice that the frequency chirp for DXPM is dif-
ferent from XPM with two pulses at different frequencies and same polarization. The chirp in DXPM is the same for both
pump and probe pulses.

More generally, spectral profiles affected by DXPM can be obtained by computing the Fourier transformation of
the temporal pulse distribution as:

S1 (O-Wr0 ,z) = '- Jajr,z)expti(ai(rz)]exp[i (o-o0)ldE , (11)

where j=x or y, and I S,(cn-)o0,z) 1 2 is the spectral intensity distribution of the pulse.
When an ultrashort light pulse propagates through an optical fiber, its shape changes considerably as a result of the

combined effect of group velocity dispersion k 2) and self-phase-modulation. In the anomalous dispersion regime of fiber,
the pulse can be compressed and split, which are characteristic of higher order soliton, at certain critical power level. In the
normal dispersion regime, the pulse can develop rapid oscillations in the wings together with the spectral sidelobes as a
result of a phenomenon known as optical wave breaking. It has been shown that rapid oscillations near one edge of a weak
probe pulse that copropagates with a strong pump pulse can result from the effect of combination of GVD and XPM. How-
ever, the interaction length is limited by the walk-off effect.

From solution of pulse shape we show that DXPM can lead to the pulse compression of a weak probe pulse
linearly polarized propagating with a strong perpendicularly polarized pump pulse. Since the walk-off effect is small, there
is less restriction on the interaction length of the pump and probe pulses. Significant pulse compression of the probe pulse
can be achieved in both the normal and anomalous dispersion regimes for DXPM.

To isolate the effect of DXPM from tho'- of SPM in our numerical analysis, we assume Py,,rP, in order to minim-
iie the influence of the intense pulse polarized aMong x-axis by the probe pulse polarized along y-axis and the SPM effect of
the probe pulse. By introducing the dimensionkss variables 6 ,

T=rIT o , =zL , U= A , (12)

where
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LD= T 2/ 1 k(2I (13)

is the dispersion length, over which the pulse duration increase about 40% due to the dispersion effect. Eqs. (5a) and (5b)
reduce to

iU 2 2(1a)

8U - 12 U - 1 -U, U*]

--- _N 2 [2I -t+3 'T- (14b)

where

N2= LD/LL , (15)

and

[ (%~n 2Pa]-'

L -= A[ j (16)

is the nonlinear length. The choice of the sign in the dispersion term depends on the sign of k2 ), a plus sign is for normal
GVD (k 2) > 0) and a minus sign is for anomalous GVD (k 2) < 0). For example, X < 1.3 Im is the normal dispersion
regime for silica fibers. At X = 0.53 ln, the group dispersion 02 ) is about 0.06 ps2/m. From Eq. (13), LD- 10 m for
To- I ps. Given single mode fiber and Po- 1000 W, from Eq. (16) LNL- 0.1 m. Substituting these values into Eq. (15),
one can find N - 10. X > 1.3 pm is the anomalous dispersion regime for glass fibers. At X = 1.55 aim, k 2)- -0.02 ps2/m.
In this case, LD- 50 m for T- I ps, and LNL- 50 m for PO- 1 W, N - 1. [ N 1 corresponds to fundamental soliton, and
N > I corresponds to higher order solitons. 1

2

I - - - - .\-- 3X¢l

0 -

-S 0
T

Figure I. Changes in envelope shape of pulse in time under DXPM inanomalous
dispersion regime for N=3 and Td=O) along the propagation length. Evolution of the
pulse shape for pump pulse is the same as that of probe pulse.

Figure I shows a numerical integration of Eqs. (13a) and (13b) for initial pulse shape U,(T,O) sech(T) for both
pump and probe pulses in anomalous GVD regime. In the calculation, Uy is chosen to be one percent of pump U,. The
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Figure 2. Changes in envelope shape of pulse in time uinder DXPM in normal
dispersion regime along the propagation length. (a) forN=30 and Td=l, (b) for
N=30, and Td=2. Solid lines are evolution of probe pulse shape enlarged by a
fa% *or of 10. Dot lines are the changes of pump pulse shape.
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Figure 3. Changes in envelope shape of pulse in time under double-pump-
pulse DXPM for N=30 and Td=2. Solid lines are the evolution of probe pulse
shape enlarged by 10 times. Dot lines are evolutions of purnp pulse shapes.
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compression effect is same as the soliton-effect compression "9 except that the frequency chirp of the weak probe pulse is
induced by the strong pump pulse. It is obvious that to get the probe pulse compressed, the initial delay between the two
pulses must be zero. The pulse compression using DXPM in anomalous regime was observed in organic liquid optical
fiberM.

Figure 2 displays the numerical solution of Eqs. (13a) and (13b) for probe (solid lines) and pump (dot lines) in
normal dispersion regime with different delays between the pump and probe pulses. The initial pulse shapes are Gaussian
for both pump and probe. The relation between U, and UY is same as before. The physical mechanism behind the pulse
compression is the pump-induced frequency chirp. For our cases, the induced chirp in nearly linear and negative over the
leiding part of the probe pulse. In the normal GVD regime, compression occurs in the leading part of the pulse, as seen in
Fig. 2. The compression effect depends on the initial delay between the two pulses. To improve the compression pulse dis-
tortion and the compression effect, one may use two pump pulses to compress a weak probe pulse. The results of numerical
simulation of double-pump DXPM is displayed in Fig. 3. The compressed pulse is symmetric and the pulse duration can be
reduced by a factor of 2.

DXPM can be applied in optical fibers and crystals. It will be useful for compressing and control weak fem-
tosecond pulses launched together with the intense pump pulses at different delay times.

This work is supported in part by Hamamatsu Photonics K. K., PSC/BHE, and Organized Research at CCNY.
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ABSTRACT

Time-resolved imaging of a "quasi"-point source in a semi-opaque medium was measured
using ultrafast optical Kerr gate. Spatial resolution of Kerr image was found to be better
than that obtained from steady state imaging.

INTRODUCTION

Scientific and engineering communities are interested in detecting hidden objects in
semi-opaque random media with a spatial resolution of less than 1-mm 5

-  Ultrafast laser
technology can be used to range and image objects in random media 6

,
7
. A sequence of time

resolved 2-dim images can be reformed into a 3-dim image. Using a Kerr gate with a shutter
time determined by ultrafast (10- " to 10 2 seconds) pulses"'', 3-dim structure can be
time segmented into a sequence of 2-dim (X,Y) image pictures. This is schematically shown
i n f i g. 1. Ligh t pro pa gat i n g in a random medium breaks into two maj or
components' *:scattered (diffused) part and quasi-unscattered (ballistic) part. The
ballistic component travels along the shortest optical path (time) to reach the Kerr gate.
To improve the image of a hidden object in semi-opaque media, it is important to filter out
the noise caused by the scattered signal generated from surrounding environment from the
coherent image. When pump pulse is synchronized in time with a particular plane of the
object, only this particular segment can be imaged on the detector plane. The scattered
light from the random medium can be reduced by the Kerr gate and the quality of the images
can be improved. The coherent image of the original object can be obtained with the help
of Kerr gate which is opened when the intense gating laser pulse is synchronized with the
nearly ballistic signal image segment pulse. In conventional photography, all the light
(ballistic and diffusive) is mixed up to form a distorted image. In an environment with
higher opacity, the resulting picture would be severely distorted by the scattering noise.

In this paper, we present time images of a single and a double quasi-points source
passing through in polystynene sphere water solution with different optical densities.

EXPERIMENTAL METHODS

A schematic of the experimental arrangement is shown in fig.2. A lOps 1060nm pulse was
used to open a CS 2 Kerr gate. An 8 ps 530nm pulse was used to illuminate the sample. In
the first part of our experiment, the 530nm pulse was focused on a "I00V thickness
polydiacetylene (PDA) film. This film was attached to the wall of a sample cell with the
thickness of -10mm and 40mm. The 530nm beam was focused to a quasi-point source of -250p.
In the second part of the experiment, the 530nm pulse was split into two beams and focused
on the PDA film. The spot size for both points was -250p with point separation -300P. In
all case, the absorption loss in the random medium was negligible. An optical image
intensifier and a 2-dim CCD camera were used to record the image. This CCD camera signals
were recorded and digitized by a 8-bit frame grabber (Data Translation) and then
transferred to a IBM-386 compatible mini-computer for signal analysis. Digital and analog
information of image pictures can be obtained using a printer and/or a video printer.

EXPERIMENTAL RESULTS

A series of segmental images of single point source at three different gated delay times
TD are shown in fig.3. At the delay time TD-0, the picture in fig.3a shows the minimum
image spot size and the sharpest edge resolution. The time delayed segmented 2-dim picture
at TD-8Ps is shown in fig.3b. The FWHM of image is about two times larger than that of
fig.3a and extra peaks from scattered noise can be seen around the center image. These
peaks reduced the sharpness of the true spot image. Fig.3c is a picture taken at TD - 19ps
with the ODC=0.36cm - . ODC is defined to be the OD/(optical path). The loss is mainly
attributed to the scattering process from polydiacetylene spheres. The corresponding 2-dim
image intensity distribution shows a simple flat disk and the FWHM is broader than the FWHM
of figs.3a and 3b.

Time-resolved and steady state images of a double quasi-points fluorescence source in
turbid water solutions with polystyrene particles of OD-0.3 are displayed in fig.4. The
photographs of the steady state image displayed in flg.4a is blurred and broadened, while
two round spots can be clearly resolved from the time-resolved image at TD-0 in fig.4b.
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ANALYSIS

The peak intensity distribution of a quasi-point source as a function of delay time for
two opacities using Kerr gate are shown in flg.5. The point TD - 0 corresponds to the
delay time when the 1060nm gating pulse overlaps exactly with the image signal pulse in the
Kerr cell. When the OD of the random medium is low, the point TD - 0 corresponds to the
maximum intensity point. When the OD is high, the maximum intensity point appears'' at
later time (TD > 0) which is similar to that described in Ref.11. In addition, the o data
in fig.5 shows a longer decay time due to the scattering and diffusion in opaque water.
The o data indicates the shortest traveling time is approximately the same to the
fluorescence decay signal of PDA (fluorescence decay time - 10ps)' 2 .

In fig.6, the image spot size of quasi-point source in semi-opaque environment increases
when TD and scattering OD increase (fig.6). The fluorescence spherical optical waves are
emitted from photoexcited PDA. Portions of the emitted light travel over the shortest
route through the random medium as a quasi ballistic part. This component carries most of
coherent information of the original object (the quasi-point PDA fluorescence source). The
Kerr gate selects most of the ballistic part (TD - 0) of the fluorescence signal. This
segment portion from the Kerr shutter is recorded by the camera. The scattered, diffused,
and multiple-reflected noise light arrives at the Kerr cell at later time and will be
rejected. At TD - 0, the true image of the object is recorded by the CCD camera.

SUMMARY

The spatial and temporal images of quasi-point sources passing through a semi-opaque
random media have been measured using 2-D picosecond optical Kerr imaging technique. When
the Kerr gate is opened for ballistic part at TD=0, a clearer image of a quasi-point source
hidden in a semi-opaque medium is obtained. When the opacity of the random medium
increase, the peak intensity of the signal drops while the decay time and spot size
increase. As TD > O,the spot size becomes larger.
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INVESTIGATION OF THIRD ORDER EFFECTS IN ACETONE
Bergeron, M.E. Harmon, J.F.; Chernek, P.A. Rogers, M.E.

Physics Department Faculty
USAF Academy Colorado Springs, CO 80840

Abstract

We show experimentally, with a frequency doubled Nd:YAG laser (532 rum, 20 ns
pulse width), how the combined stimulated Brillouin scattered and stimulated Raman
scattered reflectivity in acetone is a function of pump energy. Decreasing reflectivity
from 25% achieved at 100 mJ pump energy was observed. Results from backseeding the cell
with a portion of the main pump will be presented.

Introduction

We show experimentally how the combined stimulated Brillioun scattered and
stimulated Raman scattered reflectivity in acetone is a function of pump energy.
Backseeding the cell with differing fractions of the pump was accomplished.

The short coherence length of the laser precludes operation in the classical
steady state regime. However, the effective gain coefficients can be written as

gReff = gssREpEp*ER(I - exp (-rRAtc)) (1)

gR e f f = gssBEpEp *EB(I - exp (-rBAtc)) (2)
where gss denotes the classical steady state gain, r the dampening coefficients (sec -
and tc the coherence time of the pulse. Thus the transient gain is a fraction of the
steady state gain where the fraction depends on the pump energy, the amount of random
signal present, and the length of time over which a correlated input signal is present.
Since geff >gef , we expect the Raman scattering to dominate.

Experimental Configuration

The Spectra-Physics DCR3 Nd:YAG laser used had a pulse duration of 20 ns and
was frequency doubled to 532 nm. The laser did not have a working etalon so the
coherence length was less than 1 cm. The beam profile was Gaussian.

Combined reflectivity data was obtained using the set-up shown in Figure 1.
Detector D2 was used to measure the combined SBS (stimulated Brillioun scattering) and
SRS (stimulated Raman scattering) return.

The backseeded reflect data was obtained by the set-up shown in Figure 2.
Mirrors M3 and M4 comprised an optical trombone to insure overlapping focal volumes
within the coherence length of the laser.

Figure 3 shows the set-up used to obtain data comparing energy reflected back
from the cell to energy passing straight through as a function of pump energy.

M1

M4

' ' D2

M 2

Figure 1: Combined reflectivity in acetone
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Data

The reflectivity curve shown below in Figure 4 shows that the maximum
reflectivity occures at a pump energy of approxmately 100 mJ.

25
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Figure 4: Acetone Combined Reflectivity

For every data point, the return energy and pump energy were measured. In order to
investigate the decreasing reflectivity above 100 mJ pump, the energy passing forward
through the cell was collected (see figure 3). The data in figure 5 indicates that the
sum of the backscattered and forward energies is consistently 33% of the pump energy. A
significant amount of energy is observed scattering from the sides of the cell.
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Figure 5: Forward and Backscattered Energy vs. Pump Energy
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In an effort to increase the amount of backscattered light, the cell was
backseeded with different fractions (roughly 20%, 2%, 0.2%, 0.02%) of the pump. This was
accomplished at an input energy of 25 to 30 mJ, well down on our reflectivity curve. Due
to the small frequency shift between the SBS and the pump, and the fact that the pump is
broadband, the backseed frequency approximates the Strokes frequency. Due to
fluctuations in pump energy, several measurements were made and averaged. The standard
deviation of the pump and the return was calculated and from that we determined that the
random error is less than 7%. Therefore, for backseeding to be observed, an increase in
reflectivity of greater than 7% would be necessary. For all fractions of backseed, the
combined backscattered light shows no change from the data in Figure 4 within our
experimental error.

Conclusion

We have shown that a short coherence length forces backscattered reflectivities
to be low. This results from a reduced gain factor (1 - exp (-F tc)). In our case, for
a coherence length of 1 cm, the observed reflectivities were half of previously published
results (reference 1). The shape and energy at which maximum reflectivity occurred are
consistent.

Efforts to improve short coherence length reflectivity by backseeding with
fractions of the pump were unsuccessful. These efforts will continue with a conjugated
backseed. An etalon will be installed in the Nd:YAG laser to increase the coherence
length by a factor of five and the experiment will be repeated. We expect to see higher
combined reflectivities due to an increase in the gain (see equations 1 and 2). We will
also determine the relative amounts of SBS and SRS in the combined return.
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DEVELOPMENT OF A SOLAR-POWERED INFRARED INJECTION LASER
MICROMINIATURE TRANSMITING SYSTEM

D. D. Falter, G. T. Alley. K. G. Falter, J. M. Rochelle,' and K. H. Valentine~
Instrumentation and Controls Division

and

R. D. Westbrook, G. E. Jellison, Jr., and P. H. Fleming
Solid State Division

Oak Ridge National Laboratory'
Oak Ridge, Tennessee 37831-6010

Abstract

A solar-powered infrared microminiature transmitting system is being developed to provide scientists with a tool to continuously track
and study Africanized bees. Present tracking methods have limited ranges and lack the capability of continuously tracking individual
insects.

Preliminary field tests of a stationary prototypic transmitter have demonstrated a range of 1.1 km. The basic design consists of an
array of nine 1-mm2 solar cells, which collect energy for storage in a 1.0-,uF tantalum chip capacitor. When the capacitor has been
charged to a sufficient level, the circuitry that monitors the capacitor voltage level "wakes up" and fires a 5-s pulse through an 840-nm
GaAIAs injection laser diode. The process is then repeated, making the signal frequency (which ranges from 50 to 300 Hz) dependent
on solar luminance. The solar cells, capacitor, and laser diode are mounted in hybrid microcircuit fashion directly on the silicon substrate
containing the CMOS control and driver circuitry. The transmitter measures -4 x 6 mm and weighs -65 mg. The receiving system
is based on an 8-in. telescope and a Si PIN diode detector.

Introduction

Since their accidental release from a Brazilian laboratory in 1957, Africanized bees have spread steadily northward through South
and Central America; they are expected to arrive in the United States sometime in 1990. While their extremely defensive behavior at
the nest site has been responsible for the deaths of both humans and animals and has resulted in their alias "killer beLs," the most
serious threat to the United States promises to be to the agricultural industry's $20 billion annual production of crops requiring bee
pollination. This is a direct result of the fact that while Africanized bees are as much as six times more prolific than European
honeybees, their pollination and honey production rates fall far short of those of their more docile cousins.'

Previous attempts at controlling the spread of Africanized bees-such as setting up bee traps and "bee-regulated zones"-have proven
unsuccessful, leading some entomologists to believe that perhaps the most effective method by which to stop this aggressive strain is
disruption of the mating cycle. However, this manner of attack would first require extensive study of the mating habits of both
Africanized and European bees to determine how to control one strain without eradicating the other.

Studies of mating behavior have been limited due to the inability to track the flight of individual queens & drones. In previous
studies bar codes" and numbered, color-coded tags have been used to record flights of bees (1) entering and exiting hives, (2) at
experimental feed sites, and (3) (in the case of drones) in flight with the use of aerial traps? The spatial distribution of drones has also
been tracked with X-band radar.' Unfortunately, the two tagging techniques limit the entomologist to studying the bees at discrete points
in space and time while providing no clear picture as to what occurs in the interim. Radar allows continuous monitoring of movement
but does not z,ermit identification of individual insects.

Early attempts at developing a miniature rf transmitter were shelved when flight tests with bees revealed that even short lengths of
0.001-in.-diam. antenna wire either inhibited flight or were quickly removed by grooming. Clearly, the type of system needed for scientists
to gain insight into the mating and foraging habits of honeybees is one that will allow close, continuous monitoring of individual insects
without interfering with flight or other day-to-day activities. This paper examines the early development of one such system based on
the use of a solar-powered infrared microminiature transmitter. In the following sections we will describe some pertinent design
considerations [or a "flyable" transmitter; the prototype sy'.cm configuration, with particular emphasis on problem areas in the transmitting
and receiving units; the performance characteristics of the system; and some goals of future work.

"lhe t niversity of Tennessee, Knoxville.
"Now at Science Applications International Corporation.
'Operated by Martin Marietta Fner y Systems, Inc., for the U.S. Department of Energy under Contract No. t)t-AC05-84OR21400.
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Desipn Considerations

The physical characteristics of the average honeybee obviously impose some rather stringent design constraints on any type of "flyable"
transmitter. Since the most feasible position for a solar-powered transmitter appeared to be the dorsal side of the thorax, the package
geometry was limited to an area of -4 x 6 mm (see Fig. 1). The target weight was set at 50 mg based on load tests by the U.S.
Department of Agriculture.5 Based on these criteria, as well as the fact that planned entomological research will concentrate on the
mating and foraging habits of honeybees in controlled areas having a clear field of view, the decision was made to investigate the
feasibility of a miniature infrared transmitting system.

System Overview

The transmitter system is a hybrid configuration of solar cells, a laser diode, and an energy storage device (capacitor) assembled on
a silicon substrate (chip) that contains the control (wake-tip) circuit, a buffer, and a substrate bipolar switch used to fire the diode as
shown in Fig. 2. A commercially available 2-Mum, 2-poly, 2-metal CMOS process was used to fabricate the control and firing circuitry.
CMOS was the obvious choice because of the very limited power budget of the system. The initial concept for the transmitter (Fig. 3)
was purposefully kept simple until feasibility could be demonstrated, and in its present implementation the system functions very much
like a relaxation oscillator. The design consists of an array of solar cells serially connected to provide enough energy with which to charge
a storage capacitor. When the capacitor charges to a sufficient level, circuitry monitoring that voltage level "wakes up" and fires a pulse
through an infrared emitter. The process is then repeated, making the signal frequency dependent on solar luminance. The receiving
end of the system optically amplifies, filters, and processes the signal detected by a Si PIN diode. Although initial calculations based on
benchtop testing of a discrete component model of this system indicated that a range of > 1 km was theoretically possible, a number of
areas (discussed below) required individual attention before a miniature version could be realized.

Infrared Emitter

Diurnal testing of the transmitter necessitated the use of optical filtering to screen out solar and background noises. A three-cavity
bandpass filter with a 12-nm bandwidth and a center frequency set to match that of the particular infrared emitter being used was chosen
for this purpose. Infrared LEDs were used for initial benchtop testing; however, their wide bandwidth (-40 nm) and isotropic emission
worked to our disadvantage in that the signal incident on the detector was attenuated to -5% of that emitted by the LED. Since a
laser diode offers a much narrower bandwidth than an LED and, therefore, more inband power in the optically filtered system, the laser
was selected for the initial feasibility demonstration.

The laser diode chosen for the prototype is a low-threshold, continuous wave (cw-operated) gallium aluminum arsenide (GaAlAs)
injection laser. This laser diode is an improved version of the RCA C86000E, which is now being fabricated with a metal-organic
chemical vapor deposition (MOCVD) process to more accurately control layer deposition. The diode is passivated on the emitting facet
with a A/2 dielectric coating. On the opposite facet a six-layer coat with 90 to 100% reflectivity is used to increase the front facet output
power and also to reduce the lasing threshold. The double-heterojunction design has a typical threshold current of 75 mA, a minimum

Fig. 1. A silicon substrate was glued to the back of this Fig. 2. The prototypic transmitter is a hybrid configuration
European dronie bee to demonstrate the approximate size and of nine solar cells, a laser diode, and a capacitor assembled on
orientation of the proposed infrared transmitter. a silicon substrate containing the transmitter circuitry.
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Fig. 3. The conceptual design of the transmitter consists of an array of solar cells, which charge the capacitor while
the rest of the system is in a low power standby mode. When the capacitor is charged to a sufficient level (-4 V) to
fire the laser diode, the wakeup circuit turns on the bipolar switch long enough to dump the stored energy into the diode.
The charging and firing cycle is then repeated.

output power of 15 mW with a forward current (IF) of 400 mA maximum, and a 2-V maximum forward voltage. It is available in the
near infrared range of 830 to 875 nm with a 2-nm bandwidth. The half-angle beam spread to 50% peak intensity is -10' in the plane
parallel to that of the junction and 40' in the plane normal to the junction. The laser diode chip typically measures 381 x 165 x 102 pm
and weighs on the order of 35 ug6 (Fig. 4).

An unpackaged laser diode was used to allow direct mounting onto the large aluminum pads situated on the silicon substrate of the
transmitter. The diode was secured to the substrate by placing a small drop of silver epoxy on the mounting pad and carefully positioning
the diode on the epoxy with the stripe or ohmic contact facing downward, while taking care not to cover the lasing region. The diode
was oriented so that only one of the emitting faces was used, the other beam being directed at the capacitor located at the center of
the transmitter.

Power Source

Operation of the transmitter required a power source that could supply at least 4.5 V at 50,uA. Considering the size and weight
restrictions, along with the need for continuous operation and strictly diurnal testing, photovoltaic cells were chosen as the most practical
method for generating the necessary energy. A serially connected array of nine 1-mm solar cells was required to satisfy the size and
voltage constraints of the transmitter. Three alternatives were investigated in our efforts to secure an appropriate solar cell array:
monolithic cells, commercial cells, and hybrid cells.

Monolithic solar cells--cells that are an integral part of the same substrate as the processing circuitry-were recognized early on
as the most efficient form of photovoltaic power, in terms of both fabrication costs and chip real estate. Using the same standard 2-pm
CMOS process used for the control circuitry, small monolithic solar cells (-1 x 1 mm) were fabricated. When tested individually, the
cells performed as expected; however, when put in series and connected to the circuitry, they failed to function properly. Careful
analysis of the cells revealed that large circulating currents were developing between the wells, primarily because of a lack of isolation.
The high substrate doping (-106) is believed to have contributed significantly to this problem. Even so, the use of monolithic solar cells
is not a dead issue; preliminary tests using a different commercially available process have been successful, indicating that such an array
is still possible.

Another alternative investigated was a commercially available miniature solar cell. Although our search uncovered at least one
potential supplier, the cost per cell was prohibitively high.

The alternative that proved most successful and was eventually used in our field tests involved in-house development of physically
separated miniature (1-mm') photocells custom made in the Solid State Division at the Oak Ridge National Laboratory (ORNL) using
a process optimized for photovoltaic cells and crystalline silicon. The cells were fabricated from 0.2 to 0.3-9-cm p-type silicon using glow
discharge implantation for junction formation followed by a heat treatment to anneal the implantation damage and to grow -15 nm of
SiO 2 for front surface passivation. Aluminum mounting pads (with cuts through the overglass) were included in the layout of the control
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Fig. 4. The laser diode currently in use is an RCA C86000
cw-operated GaAIAs injection laser with a passivated double-
heterojunction design.

circuitry chip so that individual cells could be attached in a hybrid fashion using silver epoxy. The cells were then placed in series using
a tailless ball bonder with 0.7-mil gold wire. The individual cells performed well, having an open circuit voltage of 0.595 to 0.605 V
and a short circuit current of 23 to 24 mA/cm under simulated AM1 conditions. Outdoor testing in bright sunlight revealed that the
nine-cell array connected in series yielded an open circuit voltage of 5.2 V and a short circuit current of -200 uA.

Transmitter Circuitry

Both the laser diode driver switch and the transmitter control (wake-up) circuit were monolithically integrated in the 4 x 6-mm
motherboard silicon chip, which was implemented with standard 2-pm bulk CMOS digital technology. This technology includes double
poly and double metal layers and is available through the metal-oxide-semiconductor implementation system (MOSIS) fabrication service
in several different chip sizes.7

The transmitter design is simple in concept, with the control circuit gating on the laser diode driver after the energy storage capacitor
(nominally 1.0 PF) has reached a charge state of about 4 V. The capacitor then discharges through the diode and driver switch for a
few microseconds until the voltage drops to near 2 V. The driver is then gated off so that the solar cells can recharge the capacitor
and repeat the cycle. Thus the transmitter behaves as a relaxation oscillator with an off-on duty cycle of 1000:1 or greater, depending
on the solar power input. The transmitter control circuit is called a wake-up circuit because it must maintain the low resistance diode
driver gated completely off for all solar power startup scenarios including a slow rise from zero starting voltage. During power-up, all
solar cell current is available for charging the storage capacitor except the wake-up circuit bias current, which starts from zero and rises
to a maximum of 15 pA as seen in the measurements of Fig. 5. The nominal 4-V threshold level for the wake-up circuit is derived from
twice the NMOS threshold voltage plus twice the PMOS threshold voltage, the latter being significantly increased by the body effect in
a p-well CMOS process. The wakc-up circuit uses 875 squares of p-well resistance (1500 to 3000 Q/square) and 55 pF of poly-poly
capacitance (500 pF/mm'), and requires only 2.4% of the motherboard chip.

The wake-up circuit output drives a standard CMOS buffer (pull-up W/L = 500/4 pm), which in turn controls the base of the vertical
NPN bipolar transistor used for the main laser diode driver switch. The NPN base is formed from ten separate 40 x 500-pUm p-well
regions arranged on 60-pm centers with strips of n collector contact diffusion placed between the well regions to minimize series collector
resistance. Each well contains 14 separate 27 x 6-pum emitter regions flanked on both sides with a strip of p* base contact diffusion to
minimize ohmic base resistance. The resulting transistor has demonstrated excellent dc characteristics with current gain maintained well
above 200 over more than nine decades of collector current as illustrated by the Gummel plot of Fig. 6. Note also that the near-ideal
slope of the base current curve suggests that depletion region generation/recombination effects are practically nonexistnt. Even without
the benefit of a buried layer, this modest size (-0.4 mm') vertical NPN switch achieved an ohmic collector resistance of less than 10 0
as shown in the output characteristics of Fig. 7. A NMOS switch of similar size could have been used to obtain a resistance this low,
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Fig. 6. Gummcl plot for the laser diode driver transistor. transistor with 200-#A base current steps. Collector current

VCE = 1 V. limited to 100 mA by the measurement instrumentation.

but the high Miller capacitance produced by the inverting configuration would have required one or more additional intermediate buffer
stages. Also, the NMOS switch-on resistance would drastically increase during the capacitor discharging interval.

Use of the vertical (sometimes called substrate) bipolar transistor in any single-well bulk CMOS process is restricted to the common
collector configuration, which is usually avoided for switch applications because of the inherent VBE difference between the power rail
and the load. This is not an issue in this application because the transistor self-saturates due to the collector resistance ohmic drop,
resulting in (he same total VCE as would be obtained if the same switch were in an inverting configuration. The waveforms of Fig. 8
indicate a peak laser diode current of more than 200 mA with a risetime of less than 50 ns. Fig. 8 also shows the capacitor voltage
(positive side ground) discharge pulse to be almost linear except for small steps contributed by capacitor series resistance. This kind of
diode driver performance is attainable only if the total ohmic resistance of the capacitor and diode connections can be held to less than
I to 2 0, which has proven difficult to consistently achieve with conductive epoxy bonds to the aluminum chip metalization.
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Receiver

Based on the use of optics for collecting and amplifying the incoming signal, original calculations for the transmitting system pointed
to a possible range of I to 2 km. The current receiving system (displayed in Fig. 9) is built around an 8-in. Schmidt-Cassegrain reflecting
telescope with a 2-m focal length. This telescope was chosen for availability, familiarity, and price. The light-gathering power of this
telescope is 1024 times greater than that of the human eye, and it delivers a maximum magnification power of 400. The telescope is
mounted on an equatorial mount tripod and aligned by using the eyepiece to center the target in the field of view, then replacing the
eyepiece with the detector hardware shown in Fig. 10. The infrared signal enters the telescope, passes through a thin lens with two-
sided aspheric correction, and proceeds to a spherical primary and then to a convex secondary mirror. The signal is reflected from this
secondary mirror through a central perforation in the primary mirror' into a light-tight cylindrical chassis. The cylindrical chassis is
composed of two parts: (1) an outer sleeve, which is threaded onto the rear of the telescope, and (2) an inner sleeve, which contains
a three-cavity narrow bandpass filter and a silicon PIN diode detector (Hamamatsu S1723-06) with a sensitive area of 1 cm'. The inner
sleeve is adjusted to position the Si PIN diode at the focal plane of the incoming infrared signal.

F-........... .... .... .... .... ....

Fig. 8. Upper trace is diode current pulse at 100 mA and
I jus per major division. Lower trace is transmitter power supply Fig. 9. The stationary prototypic transmitter and receiving
voltage (storage capacitor voltage) at 2 V and 1 jus per major system shown above demonstrated a range of 1.1 km during field
division. Zero is at center screen for both traces. tests.

Telescope Silicon PIN diode detector
eyeplece mount

-Signal

i Output

Three-cavity Outer sleeve Inner sleeve j
narrow bondpass _

filter Shielded enclosure for z

pre-amp and pulse shaping circuitry

Fig. 10. The detector hardware is designed around an 8-in. Schmidt-Cassegrain reflecting telescope. A cylindrical
light-tight chassis mounted onto the telescope contains a three-cavity narrow bandpass filter and the silicon PIN diode
detector. The inner sleeve of the chassis is adjusted to position the detector at the focal plane of the telescope. The
pulse processing electronics are mounted in the box protruding from the end of the cylinder.
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The detector signal is amplified by a close-coupled Amptek A-250 charge-sensitive preamplifier, which provides a charge gain of
I V/pC. This hybrid microelectronic preamp is augmented with an external JFET (2SK152) used as the preamp's input device and biased
at 2.75 mA. The preamp is followed by a pulse-shaping amplifier consisting of three conventional op-amp gain blocks (OP-27 devices)
providing a total pulse gain of about 430 V/V. The semi-Gaussian pulse shaping is accomplished with three integrating and one
differentiating time constants, all of which are 2.5 ps. Total rms output noise of this receiving system is 100 to 175 mV, depending on
the light level and the reflectivity of background seen by the telescope. Output noise for dark conditions is 65 mV rms.

Potential Applications

The need for microtransmitting systems has become apparent over the past year as a result of the many inquiries received concerning
development of the infrared transmitter discussed here. Even though the system currently under development is strictly a line-of-sight
system for tracking Africanized bees or other free-flying insects under sunlit conditions, the availability of a self-powered microtransmitter
provides opportunities for a variety of applications. Considerable interest has been expressed in light-weight, self-powered, low-cost
transmitters for applications including biological tracking, inventory control, and security and surveillance.

Conclusions and Future Directions

The successful demonstration of a prototypic transmitter at a range of >1 km with a signal-to-noise ratio of 4:1 marked a major
milestone in the development of microminiature infrared transmitter technology. However, a number of problems remain to be solved
before the system can be considered a practical one for tracking Africanized bees:

1. An automated tracking system needs to be developed. Although initial field tests have been performed by manually positioning the
receiving unit to detect the incoming signal from a stationary transmitter, future plans are to use a Si photodiode quadrant detector
and microprocessor-controlled stepping motors to provide a closed-loop tracking system. This would allow continuous monitoring
of apian mating habits in controlled testing situations.

2. A method needs to be developed for encoding the transmitted signal to allow tracking of multiple targets. A practical system must
be able to distinguish between individual insects and monitor the actions of each. However, adding this capability to the transmitter
will both considerably increase the power requirements and complicate the circuitry required for transmitting the signal.

3. The solar cells need to be integrated into the same substrate as the driver and the control circuitry. This would eliminate 70% of
the labor (as well as most of the fragile wire bonds) required to fabricate the transmitter, and thus significantly reduce its cost to the
end user.

4. Techniques must be developed for spreading the radiated signal into a larger solid angle to increase the detectability of the signal.
One approach already being investigated involves putting multiple emitters in the system and firing them in a multiplexed manner.
Another possible approach involves the use of miniature lenses or optical coatings with single emitters.
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HIGH-POWER LASER ACTION AT a = 222 NM UNDER PUMPING BY SELF-SUSTAINED DISCHARGE

A.N.Panchenko, V.F.Tarasenko, E.V.Bukatyi

Institute of High-Current Electronics USSR Academy of Sciences
Siberian Branch

AkademicheskiJ pr., 4, Tomsk, 634055, USSR

Experimental investigation results of generation in Ne(He)-Kr-HC1 mixtures under
pumping by UV pre-ionisation transvers discharge are presented. Powerful radiation at
X= 222 nm with storage energy efficiency of- 0.5 % and active laser length of 20 and
60 cm have been obtained. The main channel of KrCl* molecules formation is shown to be
three body ion-ion recombination with high energies generation being realized in We mix-
tures by intensive pre-ionization and pumping power >1.5 MW/cm3 .

1. Lately noble gas halogen exciplex lasers are widely used in different fields of
science and engineering. For photochemistry and photolithography problems, short-wave
radiation sources are required. KrCl laser at R = 222 nm is the most perspective for
these purposes having both high energy characteristics and when added hydrogen one of
the largest mixture life-time resources for the lasers mentioned above [6,7J.

However, high cripton concentration in optimal gas mixtures impedes high power para-
meters realisation by fast discharge constriction and higher (in comparison with XeF,
KrF and ArF lasers) generation thresholds. So, laser pulse lengths were limited in [1-4]
by discharge constriction and did not exceed 18 ns at FVWHM and large radiation energies
were obtained under pumping power densities >10 mi/cm 3 and Uo/dN 3 2.10-lb V.cm2 where
U o is the laser gap breakdown voltage; d - the interelectrode gap; N - particles
concentration in mixture.

Different versions concerning the main mechanism of KrCl* molecules formation should
also be mentioned here. In [2] KrCl* molecules were supposed to be mainly formed due to
harpoon reaction +HCl -b KrCl* +H (1)

In [1, 31 the possibility of KrCl molecules formation due to some processes:
1) ion-ion recombination Kr+ + CI- --W KrCl* , (2)
2) harpoon reaction by Kr atoms interacting in upper m~tastable state with HC1

Kr** + HC - KrCl + H (3)
3) harpoon reaction by Kr a~omq interacting in lower metastable state with excited HCI

molecules includingly Kr ('P2 ) + HCl - KrCl* + H (4)
was pointed out.

In this case harpoon reaction and ion-ion recombination contribution to KrCl forma-
tion have the same order E 1]. Investigations results of pumping power, pre-ionisation
intensity and active laser length influence on efficiency and generation energy at +
/ = 222 nm have been presented in the given paper. The work follows investigations where
KrCl laser is shown to work effectively at rather small pumping power densities

1.5 MW/cm 3 and radiation energy of 0.6 J on a = 222 nm was obtained with pulse dura-
tion of 40 ns at FWHM and total efficiency concerning power storage-- 0.5 %.

2. Experiments on generation investigations were made on two laser sets. LIDA-KT r9l
laser active length was of 60 cm, the interelectrode gap - 3.6 cm, the discharge width -
1.5 cm and DILAN lasers' active length E10 was of 20 cm, the interelectrode gap - 1.6cm,
and the discharge width - 0.4 cm. The main discharge width was defined by pre-ionisation
discharge width between the mesh electrode and the axilliary electrode, set under the
mesh. Pumping power changed due to the charging voltage and in DILAN laser it also
changed due to storage and peaking capacities variations. Alongside with pre-ionisation
by the volume discharge, the illumination of rather small intensity from 20 spark gaps,
set behind the mesh electrode was used in the DILAN laser. The mixtures consisting of
buffer helium gas or neon, cripton gas and halogen donor HCl were prepared in laser
chamber. The optical cavity was made of total reflector with Al cover and flat-parallel
quartz plate. Radiation energy was measured by calotimeter IMO-2N and radiation pulse
form - by FEK-22 photodiode, the signal from which was applied to the oscillator 6LOR-04.

3. Fig.1 presents radiation energy and the efficiency plotted against discharge
voltage. These dependences were obtained on the laser with an active length of 60 cm in
Ne-Kr-HCI mixture. Max. efficiency of 0.5 % was achieved by decreasing the discharge
voltage to a value still allowing RU-65 gpark gap to act. In this case pumping power
density wasv1,5 TW/cm 3 and Uo/(dN)O-10 1 V cm5. At lower pumping powers buffer neon gas
replacement with helium resulted in one or more orders fall of radiation energies.

Fig. 2 shows radiation energy and the efficiency plotted against discharge voltage on
the laser with active length of 20 cm, storage and peaking capacities being 5 nF.
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Generation is shown to be observed both with buffer neon gas and with helium and the ef-
ficiency in neon mixtures achieves-0.5 %. Oscillograms of laser pulses on XeCl* and
KrCl* molecules for the given conditions are presented in Fig. 3. Generation pulses have
the similmr form and peak radintion powers on A =,308 nm and A = 222 nm differ onlyA-20%.
However, the first generation pulse peak on KrCl moleules has less duration at FWHM
and in the second peak maximum generation power on KrCl molecules in 2 or 3 times less
than on those of XeCl. It should be noted, however, that generation energy on XeCl
molecules practically matches the pumping power with the peak pumping power having
achieved -10 ,n/cm3 in the experiments. Further pumping power increase on DILAN laser
resulting from the storage capacity increase up to C9 eCI 10 nF, led to suppression of
generation at a = 222 nm because of discharge constricting. The same suppression was
observed to occur on the KrCl* molecules with maximum storage capacitance being
Co 'Ci 5 nF but pre-ionisation intensity being decreased. Two-times pumping power de-
crease due to storage capacity decrease C0PCi 3 nF resulted in almost one order power
and eneration energy fall on KrCl molecules, whereas power and generation energy on
XeCl molecules did not practically change while the efficiency increased -1,5 times.

To define the main channel of KrCl molecules formation, spontaneous radiation beha-
vior at ? = 222 nm, at Uo/dN value change, when pumping byba discharge controlled by
an electron beam was carefully studied. The same experiments were made earlier for de-
fining the main channel of XeCl and XeF* molecules formation. When increasing the dis-
charge voltage from zero to a statical breakdown one, the dependence, similar to that
being observed in [113, for XeCl laser, has been obtained. With the discharge without
ionized multiplication being available the discharge energy transmitted into active medi-
um, caused no spontaneous radiation power at a = 222 nm, but when pumping by a discharge
with ionizing multiplication radiation power increased proportionally to input energy.

4. How the results obtained should be discussgd. As one can see from Fig. 1, KrCl
laser Derfomes effectively at small Uo/dHIA-1 10-1 V cm2 and pumping power densities

1,5 !,W/cm2 with active laser length being rather large, e.g. of 60 cm in LIDA-KT laser
E93 and of 90 cm in LIDA-101 [53, and volume pumping discharge being provided. Due to
a large content of Kr in optical laser mixtures for KrCl laser, one should use effective
pre-ionisation systems. In laser with a small active length high efficiency and radiation
energies can be obtained (Figs 2 and 3), but in this case one should increase pumping
powers. In KrCl laser when sufficient pumping power and volume discharge forming being
provided generation efficiency increases at Uo/dN decrease due to better pumping generat-
or impedance matching with laser discharge resistance. The main KrCl molecules formation
channel is the ion-ion recombination with the third particle being available:

Kr+(Kr*) + CI- + Ne(He) -- KrCl + (Kr) + Ne(He) . (5)

This conclusion is based on the following facts: a) spontaneous KrCl molecules emission
intensity is not changing under pumping with a nonionising multiplication discharge
through input energy to the active medium increase in this case and when pumpimg with

ionising multiplication discharge (e.g. when increasing positive ions concentration),
radiation intensity growth at ?. = 222 nm is being observed; b) HC1 molecules dissociation
energy being3large (4,43 eV) the reaction occuring probability in (1), due to lack of
energy Kr* ('P2 ) is negligible; c) under high pressures (optimal pressures for KrCl-laser
are of 4-6 atm ), three-body reaction rate is larger than two-body reaction one (2)[123;
d) radiation energy at A = 222 nm in Ne mixtures is essentially higher (-2 times) in
comparison with He (Fig.2). Energy electron distribution function in Ne is known to be
based to higher energies than those in He [2) which results in larger discharge current
(r-2 times) in Ne mixtures and respectively in higher p~sitive ions oncentralion in a
discharge. The comparison of energies obtained on XeCl , KrCl * , XeF and KrF molecules
with buffe neon gas shows that radiation energy of XeCl and KrC1 lasers increases in 2
times with radiation energy of XeF and KrF lasers being negligibly changed. At present,
for XeCl and KrCl lasers reactions (1) and (5) are proved C11,123 to make comparable
contributions to the population of an upper laser level and for XeCl laser, reaction (5),
is the main one.

5. So, in lasers with active length of 20 and 60 cm we got a powerful radiation at
?= 222 nm with stored energy efficiency - 0,5 %. The main channel of KrCl molecules

formation is shown to be ion-ion recombination and high radiation energies are realized
in buffer nqon gas mixtures by intensive pre-ionisation and pumping power density
1,5 ,W/cm
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Fig. 2.

Laser radiation energy (a) and the stored energy efficiency (b)
plotted against the charging voltage. Laser active length if of
20 cm. 1 - He:Kr:HCI = 700:50:1, p = 3 atm. 2 - Ne:Kr:HCI =
750:45:1t p = 4,25 atm.
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Fig. 3.

XeCl* laser pulses oscillogramm - Ne:Xe:HCI = 750:10:1 (a)
and KrCl* laser pulses oscillogramm - Ne:Kr:HCl =750:45:1 (b)
with pressure being of 4,25 atm and Uo = 40 kV.
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THE LASER ACTION ON THE ATOMIC TRANSITIONS OF Ne AND Xe ON PUL2ING WITH ELECTRON BEAM

A.S.Bugaev, N.N.K oval, G.A.Mesyats, V.V.Ryzhov, V.S.Skakun,

V.F.Tarasenko, I.Yu.Turchanoveky, A.V.Fedenev, P.M.Shchanin

Institute of High Current Electronics USSR Academy of Science
Siberian Branch Akademicheskii 4, Tomsk 634055, USSR

The design scheme of a convergent-electron-beam-pumped laser with an excited volume
of 9 1 is described. A study has been carried out on lasing in Ar-Xe (,R = 1.73jum) and
He-Ne-Ar ( R = 585.3 nm) mixtures at a beam current pulse duration of 50 us. It has been
demonstrated that the e-beam accelerator allows uniform pumping and provides high deposit-
ed energies, the heat loading of the foil not increasing.

Pulsed-repetitive lasers generating long (I0"4)s) pulses /3/ are of particular
interest in view of their application in technologival processes concerning material tre-
atment /1, 2/. More substantially elaborated CO lasers because of significant diffrac-
tion divergence of the laser beam due to long radiation wave, are uncapable of producing
high radiation power density. Moreover, their optics is liable to atmospheric influences.
These shortcomings can be eliminated in shorter wavelength lasers as the divergence angle
9 is directly proportional to the wavelength and the radiation power density in the

focal plane is defined by the relashionship

p5 'p/f 9 2,
where f is the lens focal distance and P is the laser radiation power. Promising for
technological applications is a Xe laser with A = 1.73jum. When being e-beam-pu3ped from
one side, this laser is capable of operating with > 1 p.c. efficiency and 10- JUs
radiation pulse duration /4-6/ and provides small (25jurad) divergence of the beam at
a radiation pulse duration of - 10- D s /7/. To extract radiation from Xe lasers quartz
optics is used.

The paper presents the design scheme of a laser pumped by a radially converging
electron beam, which produces more uniform energy deposition into the gas mixture, and
the results of a study of lasing in Ar-Xe ( A = 1.73jum) and He-Ne-Ar ( A= 585.3 rnm)
mixtures. To optimize the pumping conditions the distribution cA the specific deposited
energy over the laser chamber cross section has been calculated by the Monte-Carlo
method. The calculations were carried out using the code described in /8/ taking into
account the actual geometry of the support greed of the beam extracting system and
the electron dispersion in both the foil and the gas. The e-beam pumping was used because
the combined pumping at present provides radiation pulse dur-tions of not over i0-5 s
/9-11/.

THE EXPERIMENTAL SETUP AND TECHNIQUES

The schematic diagram of the laser with an accelerator as the principal unit is
shown in Fig. 1. Inside the vacuum chamber I on the sectionalized lead - in insulator 2,
the plasma cathode 3 and the cylindrical anode 4 are mounted coaxially. The plasma
cathode consists of two 70 mm long coaxial cylinders 500 and 350 mm in outside and in-
side diameter, respectively. These cylinders form the h.ollow anode of the discharge
system. The inner cylinder of the cathode is made netty with the meshes 0.6x0.6 mm in
size. Arc plasma generators of the trigatron type, described in /12/, are used to produce
the emitting plasma. They are placed in pairs at the ends of the plasma cathode opposite
each other. In the hollow anode of the discharge system plasma forms from which through
the meshes of the net electrons are emitted into the accelerating gap where they are
accelerated to an energy corresponding to the voltage applied between the plasma cathode
3 and the cylindrical anode 4. The plasma generators operate synchroneously by simultane-
ous application of 10 kV voltage pulses across the triggering spark gaps of the plasma
generators. The operating voltage of the arc produced amounts to 70-100 V. To make
the distribution of the current density over the beam cross section more uniform supple-
mental nets with 1.2x1.2 mm meshes was used, which were put over the main net in the re-
gions of increased emission current densities. The cylindrical anode 4 with the outside
diameter of 150 mm gives support to the outlet unit and at the same time serves as a la-
ser chamber. The anode is perforated in the middle at a distance of 600 mm. The holes
20 mm in diameter are shut off with a 40jum thick Al-Be foil. The geometrical transparen-

1092



cy of the support was 0.6. On the ends of the cylindrical anode (laser chamber) plane
mirrors 7 are mounted. For the laser chamber inside diameter of 140 mm, the volume of
the mixture to be excited is 9 1. In this experiment the mirrors used to extract radiation
were 120 and 80 mm in diameter, the active volume being 6 1 and 2,3 1, respectively.

The accelerating gap is energized by dc voltage from a 0,4juF storage battery which
is charged from a high-voltage rectifier up to 120-180 kV. The beam current amplitude and
duration were dependent on the performance of the plasma cathode power supply circuit
which produced 0.5-2 kA, 10-5Ojus semisinusoidal pulses of discharge current. When operat-
ing in a single-pulse mode, the accelerator produced a radially converging beam with the
electron energy of 120-180 keV, vacuum diode current of 0.1-1 kA and duration of 10-50jus.
The current measured by a 100 mm dia cylindrical collector placed along the laser chamber
axis was 30 p.c. of the diode total current. Measuring the beam current duration and
amplitude during pumping was accomplished independently of the accelerating voltage by
varying the discharge current and its duration in the plasma cathode. The energy of the
electron beam injected into the laser chamber was measured by a calorimeter. For a voltage
of 160 kV, beam current behind the foil of 62 A and pulse duration in base of 50jus this
energy was 160 J. The accelerator was capable of operating at a repetition rate of up to
10 H7.

ihe lasing was investigated in Ar-Xe and He-1[e-Ar mixtures in a sir.nle-pulsc mode.
The laser radiation energy was measured by the calorimeter IMO-2N. The distribution of
the laser radiation energy over the beam cross section was measured by moving the calori-
meter along the vertical and the horizontal axes. The distribution of the deposited
energy over the laser chamber cross section corresponded to the intensity of spontaneous
radiation in the 200-600 nm spectrum region. It was measured by the photodiode FEK-22
whose signal was applied to the oscilloscope S8-12.

RESULTS AND DISCUSSION

Fig. 2 shows the specific radiation energy deposited into the Ar:Xe = 100:1 mixture
at 1 atm as a function of the beam current injected into the laser chamber for the new
developed laser (1) and the planar diode laser (2) which we investigated earlier /4,5/.
For the latter the beam current duration at a half width was -'100jus. It can be seen
that using a radially converging e-beam makes it possible to increase the specific radia.
tion energy or to decrease the heat loading on the foil. These curves indicate that
the same soecific radiation energy was obtained for the case of a radially converging
beam and that of a planar diode, with other conditions being equal, when the relationship

and "N 0. 1 e was fulfilled ( d and are the beam current densities and %
and-, C are the current pulse durations for the coaxial and the planar diode, resp.).

-he total energy absorbed by the chamber operating volume, Eab ,calculated for
a single electron incident on the foil at a mixture pressure of 1 atm optimum for the Xe
laser operation as a function of the initial beam electron energy, Eo , (Fig. 3a) indi-
cates that the maximum energy is deposited for Eo = 180-190 keV. The efficiency of energy
deposition t = Eab/Eo (Fig.3b) is sufficiently high ( = 0.45). Increasing E the de-
posited energy decreases Eab because the electrons scatter and leave the operating volume
that results in a decrease of ' and increase of the energy loss for heating the foil and
the net. The maximum efficiency of energy deposition, t, = 0.50, is achieved on exciting
the gas with electrons having energy Eo = 160 keV. Measurements carried out with the calo-
rimeter at a current of 60 A and pulse duration V0 '- 25jus have shown that the total
beam energy injected into the as, Wtot, is about 166J, which is in good agreement with

calculation data (Wtot 
= 170 at.

The measured and calculated radial distributions of the spontaneous radiation
and the absorbed energy are given in Fig.4. From these curves it can be concluded that
for E = 160-180 keV good uniformity is achieved in the central part of the chamber, with
the eRergy deposition in this region being higher that in the case of one-sided pumping.
The calculation and experimental data in Fig. 4 are for the AB section of Fig, 1. It
should be noted that the values of the absorbed energy near the foil at two diametrically
opposite points differ by a factor of 1.5. The calculated and the measured distributions
well agree in form in the range r 4 cm. 2he experimental values for the limiting points
at which measurements were carried out (r = 4 cm) might be underread because of unpreci-
ous setting of the inlet diaphragm into the radiation aperture.

Measurements of the resonator quality (the radiation energy) was measured for the
reflection factor of the outlet mirror R -99, 33, 27, and 6 %) have shown that the reso-
nator with R -33 % is optimum. With the optimum resonator and the outlet mirror 80 mm in
diameter, the radiation energy was- 2 J at a 160 kV electron energy and 60 A beam current
behind the foil. The lasing efficiency reached- 2 % of the deposited energy.

Figs 5-7 present the results of a study of a Penning neon plasma laser operating at
a wavelength of 585.3 rim with operating pressures of up to 1 atm. The radiation pulse is
delayed with respect to the beginning of pumping and ceases while the beam current
continues (Fig. 5). The radiation power increases with pressure (Fig. 6). As this laser
is designed for the operating pressure I atm, the mixture containing 25 % Ne turned out
to be optimum. The efficiency of the Ne laser is lower by an order of magnitude than that
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of the Xe laser.
In conclusion the e-beam-pumped Ar-Xe laser due to its rather high e fficieng 1 of3

2 % at a relatively short wavelength of 1.731um and long radiation pulse of 10- -10-3 a,
can be competitive with a C0 laser when using in some technological applications.
The Xe laser has the advantaies that its active medium consists of irert gases, it
operates with quartz optics and at a radiation pulse duration of 10-4-10-f s the optimum
pressure of its operating mixture is 1 atm.
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Fig. 1. Schematic of the laser with an accelerator.
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Radial distributions of the absorbed Waveforms of the beam current (1)
energy and the spontaneous radiation and the per-unit radiation power (2)
energy (dots) for different initial for the He:Ne:Ar = 70:25:5 mixture
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A DOPPLER LIDAR WITH C02-LASER INTRACAVITY DETECTION

A.P. Godlevskii, doctor, E.P. Gordov, professor,
A.I. Zhiliba, doctor, P.P. Sharin

Institute of Atmospheric Optics, Siberian Branch USSR
Academy of Sciences, Tomsk

USSR

The study of characteristics of moving objects based on the use of the Doppler lidar
is usually performed with application of a heterodyne detection scheme. Another version
of a high sensitive Doppler lidar based on the intracavity coherent laser detection is de-
veloped.In this paper the Doppler lidar with CO laser intracavity detection in the labo-
ratory and atmospheric experiment is investigatid. Vibrations of a retroreflector with am-
plitude of 50 pm have been detected at distances up to 500 m.

Introduction
Laser radar applications are known to be restricted by task of processing low return

signals. The problem has stimulated wide use of conventional heterodyne detection techni-
ques. The latter exhibit very favorable characteristics such as high noise immunity and
extremely high sensitivity reaching the quantum noise limit. However, the heterodyne dete-
ction appears to require much sophisticated lidar systems and to impose several restric-
tions on the stability of the reference signal.

On the other hand, it has been pointed out that the laser intensity may be dramati-
cally changed by feeding a portion of the backscattered signal power into the laser cavi-
ty//. Lasers have also been considered as return signals detectors2- S/ . Such laser
detectors permit the Doppler frequency shifts caused by a target motion to be measured
with good precision. Devices based on this principle are used for detection and ranging
the moving targets as well as in velocimetry/6-9/.

Experimental Setup

The setup consists of a GO2 laser, a transmitting-receiving optical system, and a si-
gnal processing unit. The cw CO laser employs a standard sealed-off tube with discharge
gap of f--120 cm. The laser o~tput power is about 18 W (line PC20), A = 10.6 um).

Laser intensity stabilization is achieved by decreasing the mechanical disturbance
of the laser resonator. The current is hold from 4 to 35 uA with precision to one percent
at pulsations about 0.2 per cent. Optical tract is formed by Cassegrain telescope with
the main mirror of 15 cm in diameter and a focal length of 70 cm. A portion of the laser
beam reflected back by Breuster window of the gas discharge tube is focused by a spherical
mirror with focus of 5 cm onto the photodetector.

7 4k

Experimental setup

1 - a discharge tube of CO laser; 2 - laser cavity mirrors; 3 - a Cassegrain telescope;
4 - a photodetector; 5 - ;R optical attenuator; 6 - a splitting mirror; 7 - a He-Ne laser
for adjustment; 8 - a target.

Experimental Results
The eT measuremete,_f aedft i t e 1 ors to (at an i ret Nmoe-

phr ttrnges zuM, a , dutn v ra ng otsw lfe~n tdrPe~v

were used as the targets.
As shown in Fig. 2 the oscillogram pictured the beat breakdown at the beat breakdown

at the extreme point of the sinusoid when the motion stops at the return point. At this
point a Doppler frequency shift drops to zero. The interval between these events is one
half period T of the target oscillation. The total number of fringes between these rever-
sals represents the maximum displacement of the target in units of hilf-wave length

r 2
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Here P is the period of the Doppler modulation. Thus, this oscillogram shows that the tar-
get is vibrating with the frequency 100 Hz; maximal amplitude is 26.5 urn. The Doppler fre-
quency shift of 2.5 kHz indicates that a maximum reflector velocity is near 1.32 cm/s.

Pig. 2. Reflection from aluminium plate (Vibration frequency 100 Hz) -upper trace.
Horizontal scale - 1 )as/div. Vertical scale - 100 mV/div.

Fig. 3 shows 5 meec fragment of the Doppler signal from an imitator. The amplitude
of motion is 0.25 mm. The targets velocity is 4.8 cm/s.

Pig. 3. Reflection from the imitator of linear motion. Horizontal scale - 15 )s/div.

Vertical scale - 100 mV/div. The distance from the laser to target is 20 m.

Using the targets vibrating with a constant frequency and amplitude about 10 series
of laboratory measurements are carried out to determine the laser field response and the
threshold sensitivity to return signal power fed into the laser cavity. Normalized sig-
nal amplitude (oscillating components) VS the signal loss Rff characterizing the back-
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scattered power returned to the laser cavity is shown in Pig.4. The absolute minimum de-
tectable signal power was found to be 4 10-  W/Hz!/'

-3 7 1 3  2.

Fig. 4. The normalized amplitude of Doppler signal as a function of the

effective reflection coefficient

Measurements in the Atmosphere

The studies have included measurements of signal attenuation and fluctuations. The
data on the signal-to-noise ratio (SNR) obtained with different targets (with different
reflectivities and roughness of surfaces) located at 3 m, 110 m, 500 m from the laser
system are presented in table.

TABLE

Dependence of signal-to-noise ratio (SNR) (dB) on Distance

distance (m)
Target

3 110 500

Aluminium mirror 93-96 63-65 32
Duraluminium plate with
rough surface 63 42 20

Thin roughness aluminium 67 29-32 15

Wooden surface 40 22 9

Paper cardboard 43 20 -

Emery paper (d 1 mm) 32 19

Emery paper (d 1 mm) 30 15-16 -

Fig. 5 shows the oscillogram of Doppler signal from duraluminium target vibrating
at 45 Hz frequency. The target was located at the distance 100 m from the laser system.
As shown in Fig.5 intensity modulation frequency which occurs due to atmospheric turbu-
lence and quality of the target surface, is smaller that the Doppler frequency (latter
being about 1.3 kHz), the depth of modulation has reached 80 per cent.

The observed strong fluctuations of the signal are caused mainly by disorientation
of the reflecting surface with respect to the optical axis of the laser beam.

Conclusions: The above results show high sensitivity of the intracavity laser detec-
tion. This approach to Doppler lidar is promising for some fruitful applications.
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Fig. 5. Reflection from duraluminium target. Horizontal scale -5 ms/div. Verti-

cal scale - 10 mV/div.
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Abstract

Analytical equations have been derived for the differential cross-section
and ion yield in three-photon ionization and dissociative ionization. The
laser radiation frequency is assumed to be in resonance with the electronic
transition frequency.

We have used a vibrational multichannel Green function allowing for the
laser-indused nonadiabatio interaction of resonant electronic terms. The
photoelectron angular distributions take due account also of the effects
which are due to the breakdown of spherical symmetry of the (quasi-)
molecular ion field. The results are helpful to explain the observed
nonlinear structure in the photoionization spectrum of sodium molecular
vapors.

The diatomic molecules multiphoton dissociation is studied within a complex
quasi-energy approach. It is shown that the involvement of three-photon
above-threshold dissociation eliminates the discrepancy between earlier theory
and experimental data for a hydrogen multiphoton spectrum.

A. Three-photon resonant ionization

Three-photon resonant ionization (TPRI) implies 'step-by-step' excitation
of a molecule. The process takes place if a molecule has two excited
electronic terms if the electronic transition energies and the laser photon
energy hw are equal. A two-particle system 'molecular ion + photoelectron'
or a three-particle system 'atom + atomic ion + photoelectron' may form at
different radiation frequencies and photoelectron energies

i AB + e- +N (1)
AA 4 B + + e- + Nh . (2)

Process (2) is a three-photon resonant dissociative ionization (TPRDI).
The last years have seen experimental investigations of sodium vapor

multiphoton ionization that have yielded a number of important findings (see
[1,2] and the references therein). The following specific features have been
established. +

- The molecular ionization spectrum , i.e. the yield of the Na2 molecules

as a function of the laser wavelength, has resonant peaks that do not coincide

with the absorption lines for the Na (A1 1)-- term.2 u
- Several new peaks emerge with an increasing laser radiation intensity

- When the intensity I is under 5.10 4 W-om -2 the Na2 - ion yield depends on

I as i(Na2 ) I , when the intensity I exceeds 5.10 4 W-om 2  the2 + 11.0 .
relationship is i(Na) 1

- The strong spectrum line at X = 602.17 nm disappears completely at high
laser intensities.

- The Na+ molecular ion spectrum and the Na+ atomic ion spectrum have

the same structure at any laser intensity.
Wu et al [1] presume that this behavior of the ion yield is due to the

fluorescence, photoabsorption, and decay processes involving the excited
electronic terms. However, we think that the observed effects demonstrate a
substantial impact of the resonant radiation interaction on the dynamics of
intramolecular motion.

Generally speaking, if a molecule is exposed to visible or UV laser light
we cannot employ an adiabatic approximation for separating the electronic and
the nuclear motions. For example, for the Na2 molecule the electronic

transition momenta are substantial (about 10 Deb.) and, as the laser intensity
increases, the energy of the radiative interaction of resonant terms becomes
comparable with that of vibrational quantum. The rotation-vibration spectra of
electronic terms undergo significant cihanges so that the conventional
probabilities for processes (1), (2) cannot be calculated in terms of standard
perturbation theory.

For processes (1), (2) the probability for ionization can be written as

dfi = 21- 1 I< fl G (Ei)VI i > 12 (Ef-Ei)dpf

where i > is the state of the system 'molecule + electromagnetic field',
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T f> is the state of the system 'molecular (or quasi-molecular) ion +

photoelectron + e.f.', these states being the eigenvectors of a Hamiltonian
without radiative perturbation V, that is written in the second quantization

form, G + (E)=(E+iO-H)-  is the resolvent of a complete Hamiltonian of the
interacting system 'nuclei + electrons + e.f.', H. In this system an account
is taken only the coupling of the molecular terms due to radiative
interaction.

The differential cross-section for the TPRI (1) process defined by us as

dY = dPfi/1Y, = c(N + 3)/AL
3

(Y is the incident photon flux), integrated over the photoelectron energy, for
K>>, is given by

dap(ke•W) meke

di e
2  TlY , l'm' Mm' Ylm'(k)

TKl' = Z B(-)@'a Cjm 0 JO xMm' Jll' Cnl'm' K'M lm ±P

<, (R) ,Jll' (R)G (R,R';E+iO)d (R') X(R')>,V=(J,Q, ',M',l,m},a={iv•K,A}

K is the total orbital angular momentum of a molecule, M and A are its

projections onto the OZ'-axis of a laboratory reference system and onto the
molecular reference axis OZ 0 % i(R) ( X (R) ) is the wave function of the

nuclear motion in unperturbed electronic term of a molecule AB (molecular ion

ABJ+B is the phase factor, 0 KM stands for the Clebsoh-Gordan
A+Ui() iJll, -)' sll hs fc, OJolm

coefficients [3], di (R) and Ml'1 i(R) are the integrals over all electronic

coordinates r, the geometric factor E depends on the directions of

electronic momenta, polarization of an incident photon, and the angle made by
the quantization axes (of the laboratory and molecular reference system).

The TPRI cross-section integrated over the direction of electron

propagation ke is me~e
P°+I(keuJ) = 2 i'm T~:l'  (4

I Z Mm1 (4)

Equations (3), (4) involve the nondiagonal component q M(R,R';E) of a

three-channel Green function of the nuclear motion (TCGF)

G(R,R';E)= IGP(R,R';E) I, X,= 1,2,3 [4]. The TCGF fits the matrix equation

with a nondiagonal vibrational Hamiltonian H(R)

(IE - H(R)}G(R,R';E) = I(R-R'), I 11 lP 11

h2 d 2

H(R) = -- I (-) + U(R) + V(R)
24 dR

U(R) = diag{U (R),uK (RU K , V(R) = Iv (R) II,

U (R) = Ui(R) + (N+31i+263i+62i) 2  + h2[K(K+1)-A]/24R2 + (a +65) E 9
1 3i2 4i 5ie

i = 1,2,3,4,5 .

The nondiagonal elements Cj (R) of the Hamiltonian is proportional to the

laser field strength. If the matrix of j-r-ractions U(R) + V(R) is Hermitian,
the TCGF can be written as

2(R)W-1+(R1), R>R 0
G(R,RI;E) [ -[+ -

h 2 (R)W+]',2(R ), R<R'
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d d
+=I(R) -b 2 (R) - [- i1(R)] 2 (R) = const,

dR dR
where 1,2 (R) stands for two linearly independent matrix solutions of the

homogenuous differential equation

{IE - H(R)} 1 ,2(R) = 0 . (5)

The regular at the origin function ((R) and the regular at the infinity

function .2(R), which in principle are the exact solutions of the

three-channel system (5), have been obtained analytically on a quasiclassioal
approximation within the theory of laser-induoed nonadiabatio transitions.

B. Three-photon resonant dissociative ionization. Laser intensity dependence

For the TPRDI (2) cross-seotion equations (3), (4) are not changed
significantly

d3 OM (k ,w) mekeWDPI e e e ~ ~7 2()

dedd -22 1 1m tM Y l'm' ( e YKM(q) (6)

c 0
KM ' , JllB

E'aE E'ae'E ,2 3

mekeQ) SmaxKM mt e mx Kl:E 2

ODPI(ke,W) 2 I f dE Z ItMm 1  (7)
0 l'm'

here E is a maximum kinetic energy associated with the relative motion of

the atomic photofragments A and B+ , a = (i,K,A}.
The ion yield for processes (1), (2) can be defined as

EI + DEO,0

i(AB+ )  N NAI Z Fn(1) 2 '0(3hI-U') 0'-i(keW ) ,(8)
nn E (I)AE=I

v,K OO

i(B+ )  NABI E F (I)0(3W-Uc) Opz(ke ) (9)
AB n I DPI ke~n

9(x<O) = 0, a(x>O) = 1,

where NAB is the molecular AB density, DI is the dissociation potential for

the molecular ion AB+ ground state, Fn (I) is the Boltzmann distribution, where

E (I) is the energy of the molecule AB 'dressed' by the laser field [51, E(I)A
n + Cv,K
is the free molecular ion AB energy, U1 and UI are the ionization potentials

of molecular and quasimoleoular ions AB .

It is evident from expressions (3),(4), (6)-(9), the resonant peaks in the
spectrum are produced by the Green function poles. The number and the
location of the poles depend on the laser intensity. Therefore, if the
intensity increases there occur new peaks in the ionization spectrum. If the
laser field is strong the resonances will not correspond to the
eleotronio-vibration-rotation transitions. These phenomena are due to the
coupling of vibration-rotation states of resonant electronic terms in the
laser field. The very interesting result is that the same TCGF's component

G2 3 (R,R';E) appears in the oross-seotion equations for ionization (3) and
KM
dissociative ionization (6). That is why the atomic and the molecular ion
yields have qualitatively the same structure (see (8),(9)). Furthermore the

presence of G23 (RR';E) in formulas (3) and (6) makes the ion yields (8) and
K e
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(9) to be ftonpolynomial functions of the laser intensity. Using our
analytical equations for the TCGF components [4] and separating the evident
intensity dependence in the yields, we obtain a total expression

i - 121YP23(1-P23)/(1P1 )I2.

The probabilities for laser-induced nonadiabatic transitions P13 and P23
within the Landau-Zener model depend exponentially on the laser intensity.

/I/ In a general case, where the probabilities are
(1-P1 3 )-P 13 '(1-P 2 3 )_P2 3"1, the laser-intensity dependence of the ion yield is

an intricate exponential function ( a and b are the constanters)

i I e -bI((-e -bI)(1_e-a -2 (10)

/2/ Under the conditions (1-P13 ),(1-P 2 3 )<<1, P13 - P2 3  1 it is obtainable

from general expression (10)

2 b b )2i - I (a _ii - ) ) =_ I.

/3/ In the lower field, where we have (1- 3),(1-13 )<1, 3 P2 3  ,
P2 _P2 <1 the ion yield is
13 23

21-(1-bI) 2  2

i 1 12.

1-(1-aI)
2

/4/ In the last case when (1-P 2 3 )/P 2 3 <<1, or (1-P13)/P13 , ( 1 - P 2 3 ) / P 2 3 < < I ,

the laser intensity dependence takes an ideal cubic form defined in terms of
the perturbation theory

i - 13.

The laser intensity dependence contains three characteristic points of
intensity where the ion yield function changes its form : (a) from the cubic
to a square law, /4/ - /3/; (b) from the square law to a linear one, /3/ -
/2/; (c) from the linear form to intricate exponential form, /2/ - /1/. The
second characteristic point intensity Ib has been observed in experiment [1].
Subsequent studies of resonant multiphoton ionization of Na2 in fields of

intensities 1>106 W-cm -2 and I<104 W cm-2 may reveal remaining two points Ia

and I.

C. Above-threshold dissociation

In conclusion, we will briefly discuss the possibility to observing of the
above-threshold dissociation (ATD) phenomenon under a multiphoton interaction
of an intence laser field with a diatomic molecule

AB + (N + 3)hW -. A + B + Nhw,
using, as example, the hydrogen molecular ion H2 .+

+ 2

One-photon dissociation of H2 has been considered by Chu S.-I. in complex

quasi-energy formalism [6]. ATD of the H+ molecule can occur if the photon
energy hw exceeds the dissociation energy of a given rotation-vibration state
of the ground electronic term 11sO >

H2 (Isog) + (N + 3)hw -- H+(2pau) + Nhw -4 H + H +- Nhw, (11)

where 12pou > is the first excited dissociative term. With due account of

three-photon dissociation (11 ), the intensity-dependence of the
photodissooiation cross-section is nonlinear and the ATD channels cause
appreaciabl variations in the total amplitude.

We calculated the photodissooiation cross-section within the framework of
the method suggested by Chu S.-I. The Morse potential vibrational wave
functions were taken as a basis [7]. The obtained results indicate that the
ATD (11 ) is the cause of the discrepancy between the recent experimental data
[8-11] and the previously calculated results.
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VALL INTERACTION-FREE VAPOR CONFINEMENT BY
LIGIET-INDUCED-DRIFT

S.Gozzini, D.Zuppini, C.Gabbanini, L.Mol

Istituto di Fisica Atomica e Molecolare del CNR
via del Giardino 7 - 56127 Pisa - Italy

Abstract

In this paper the possibility of confining a gas, contained In a spherical cell, far
away from the walls by exploiting the light-induced-drift effect is discussed and the
preliminary results reported. A spherical cell filled with few torr of Krypton as a buffer
gas and with some metallic sodium distilled in a side arm, is illuminated by three couples
of orthogonal laser beams obtained by a broad band long cavity dye laser. The first
experimental evidence of LID in a three dimension geometry has been obtained and a
compression of the vapor in the center of the cell has been observed as due to the
contemporary presence of all the six laser beams. These experiments open new perspectives to
the study of gas transport properties and of non-equilibrlun vapor conditions.

IntrouctiQ

The possibility of modifying the atomic motion and the vapor diffusion by using laser
light is one of the most important achievement of laser spectroscopy during these last
years. Resonance radiation pressure (RRP), which is due to the photon-atom momentum transfer
during the absorption-emission processes, has been successfully used to decelerate and to
cool atomic beams and to trap neutral atoms('). RRP has also been exploited to induce vapor
diffusion in a capillary( 2 ) by obtaining the complete deplacement of the vapor from a
portion of the cell and its compression in the remaining part. In this case RRP is strongly
affected by the high collision rate with the cell walls which continuously thermalize back
again the vapor.

Light-induced-drift effect (LID), that is instead favoured by high collision rate with
a buffer gas, is more useful to induce huge vapor density variations and faster drift
velocities. The main reason of this difference depends on the fact that in LID atomic
momenta instead of photon momenta are exchanged. Moreover LID can both push and pull the
vapor. LID was proposed and demonstrated by Shalagin, Oel'mukhanov and covorkers(3, 4 ) in
1979. Since that first experiment a lot of LID observations and measurements have been
performed so that the dependence of the effect on atom-wall interaction( 5,6 ), on laser
detuning and intensity(7 ), on laser bandwidth(B) as well as on the kind of buffer gases(9 )
is well known. Density variations larger than two order of magnitude, drift velocities as
high as 30 mls and, for example, isotope separation(' 0 ) have been observed. A detailed
analysis of stationary and dynamic regimes of LID at low and intermediate saturated vapor
densities has been performed on sodium vapor("1' 2 ). All these experiments have been
performed in capillary cells, i.e. under conditions which can be well described by a
unidimensional approach. The transverse dimensions of the cells ( diameter - 1-2 mm ) are
comparable with the laser beam cross section and the vapor diffusion is modified only along
te major axis of the cell. The vapor can be compressed to either ends of the cell depending
on the laser detunlng. The interaction of the atoms with the cell walls cannot be avoided
under such a geometry, and It Imposes some important limitations to LID applications. This
restriction can be overcome by performing LID in a three dimensional geometry where the gas
is compressed to the center of the cell, far from its walls. This different approach is not
straightforward as it requires important modifications of the experimental apparatus as well
as the correct evaluation of some experimental parameters. Moreover the possibility of a 3-
D LID must be first demonstrated both experimentally and theoretically.

Here we present our preliminary results obtained by using a spherical cell irradiated

1109



by six laser beams directed along three orthogoral axis. A discussion of new possible
applications of LID under these conditions will be presented.

Qualitative discussion of 3-D LID effect

LID is observable when an active gas, i.e. resonant with the laser, is immersed in a
buffer gas and the laser excitation is velocity selective. Then these two conditions are
satisfied a drift of the vauor can be observed either along the propagation direction of the
laser beam or to the opposite one. The laser can either push or pull the atoms. This
macroscopic effect can be explained as follows: laser excitation produces two atomic fluxes,
one of excited and the other of ground state atoms, which, when the selected velocity
component is not zero, move to opposite directions. As the diffusion coefficients of excited
and ground state atoms are in general different, two drift velocities are obtained in the
two cases and, as a consequence, a macroscopic induced diffusion of the vapor is observable,
whose direction depends on the laser detuning. Drift velocity Vdr has a dispersive behaviour
as a function of the laser frequency and, in a two level atom, it is zero when laser
detuning is zero. The force acting on the vapor can be described by the equation

F = C(v.. hL Dg., .. ) 1o e-k (1)

where 10 is the initial laser intensity, k is the absorption coefficient, x the thickness of
the vapor column crossed by the laser and C a parameter which is function of all the other
physical quantities determining LID: Dg,0 = diffusion coefficients of ground and excited
states, VL = laser frequency, AVL = laser bandwidth etc. It has been demonstrated that when
a broad band dye laser instead of a single mode dye laser of the same power is used, a two
times larger drift velocity can be obtained under, otherwise, similar conditions( 12 ). Then
the optical thickness k is negligible, F is constant along the cell and the vapor moves with
a drift velocity independent on the position. In this case and under the hypothesis of
infinite length cell, the vapor is not compressed while is diffusing. Then, on the contrary,
the optical thickness is high, the laser is attenuated along the capillary and the drift
velocity depends on the position. The vapor is now compressed and the laser beam behaves
like an optical piston( 13 ).

Vdr depends on the same parameters affecting F and on the friction of the vapor at
the cell surface. The interaction with the cell walls, anyway, can be almost cancelled by
adopting special coatings which make possible to increase by three order of magnitude the
effective vapor drift velocity.

The previous discussion shows that when two counterpropagating laser beams are sent
across a capillary, no appreciable effect can be observed when k is small, while a
compression of the vapor to the middle of the cell can be observed in the optical piston
regime. In this last case, in fact, the forces induced by the two lasers do not mutually
cancel and the two optical pistons work, in first approxmation, Independently. This
situation can be qualitatively extrapolated to a three dimensional geometry, where three
couples of laser beams propagating along orthogonal directions push the vapor to the center
of a spherical cell and eventually confine it far away from the cell walls. Also in this
case the optical thickness must be not negligible to avoid direct destructive Interaction
between the laser beams. It is therefore possible to imagine the six laser beams working
like six optical pistons which compress the vapor and reduce its volume by increasing its
density. This approach is qualitative and, in order to have a correct and detailed
description, a system of 3-D differential equations describing the light Induced diffusion
and the laser propagation inside the vapor mu,-, be solved, where the boundary conditions
imposed by the cell and by the laser overlapping regions must be properly considered. This
problem is underway to be solved. In order to show the complexity of the task let us
consider the force Ft acting on the vapor volume Vi placed in one point of the cell as It Is
shown in fig. 1. Vi is subject to a force Ft which is the resultant of the forces Fi induced
by the six laser beams. As the optica thickness is assumed to be high enough to attenuate
the laser in a distance short comparea 'x) the cell radius r, the Fi are not equal to each
other and Ft - 0. By simple geometrical arguments and by considering, for simplicity, a
point situated on tho plane determined by two couples of laser beams, it results that the
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direction of Ft is not directed to the center of the cell but it is a function of r and e
according to the equation

tgO -ek/r -r2cos e kr sen _e-kr (2se)

e 0 -r 2sen2o erCB ercg

From this equation it derives that e' coincides with 0 only for e = n n/4, with n integer,
while for all other angles, e' is different from 0 by following a dispersive behaviour as
shown in fig. 2. z

loser bas X~v

laser beamsb

laser beams y-

Fig. 1 - Sketch shoving a spherical cell with
six laser beams. The arrow indicates the direction

of the resultant force Ft acting on the vapor cloud Vi.

According to that calculations, the atomic vapor starts moving to the center along
curved pathways joining those determined by the laser beam axis. Some sort of vortices seems
to be generated whose temporal evolution is difficult to predict without a more detailed
approach. It is, anyway, clear that the vapor collapses to the center but it is not evident,
without a better definition of the experimental conditions, that a stable configuration can
be reached.

Few more considerations my help to better understand the theoretical and experimental
difficulties of the experiment. Vith respect to the unidimensioral example given before
other differences are present in the 3-D configuration. In this last case, in fact, the
vapor density variations scales as r- 3 and this gives a fast modification rate to the k
parameter as soon as the vapor starts to be compressed. This makes difficult to find the
optimum initial k value, once the laser intensity is given. If at t=O the vapor is optically
too dense, its compression will be negligible; if, on the contrary, it is optically too
thin, the laser beams will interfere destructively. Moreover, as the vapor section
decreases during the compression while that of the laser beam is constant, the vapor-laser
coupling diminishes too, by introducing an other variable parameter to the problem. Many
different experimental solutions can be suggested and checked. For example the laser beams
could be focused in order to have a density power function of r, or the laser intensity
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could be time dependent etc. But in these cases, which are more difficult to treat
theoretically, experimental problems must still be solved. Here in the following the
prel iminary results are reported (14).

+10 0

00

0 0.2

4e "0.6

1 r/ro

Fig. 2 - Dependence of e - 9l as a function
of 9 as calculated for different r values.

Experimental apnaratus and results

The experiment is performed with a pyrex spherical cell having a 1 .5 cm diameter and a
reservoir, where some metallic sodium is distilled under vacuum, placed at the end of a
short capillary ( see fig. 3 ). The cell, that is filled with few torr of Krypton, is
situated in an oven which permits an almost complete view by getting easier its illumination
and observation. The LID experiments performed with glass capillaries have shown the
determinant role played by the cell walls in the drift of the vapor and to the final
equilibrium states. This is essentially dependent on the adsorption energy Ea of the atoms
at the walls which, through the equation

x= :ooEaT (3)

where t 0 - 10-13 S, modifies the time that the atoms spend at the surface. A long T, induces
both a slowing down of the drift and the production of a sodium layer which has to be
removed in order to see any effect in the vapor phase. These problems can be made negligible
by adopting a suitable coating having a small Ea. In our experiments the coating is obtained
from a ether solution of dimethylpolysiloxam*(6 ) which is chemically attached to the surface
and can be heated up to relatively high temperature (Tax = 200 0C). These properties permit
to work with saturated vapor over a wide range of densities. In the spherical cell, even if
the vapor moves orthogonally to the surface, it is important to avoid the formation of the
sodium layer in order to speed up the compression process. For this same reason the metal
reservoir is not directly inside the cell but at the end of a short capillary whose
impedance disconnects, during the compression transient, the cell from the reservoir. This
trick simulates a dry vapor condition and it is determinant for the observation of the
effect.

The LID effect is strongly affected also by the laser spectral characteristics. We have
shown that a broad band laser, with a particular cavity configuration, may give drift
velocities two times larger than those induced by a single mode one having the same
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intensity(12 ). The laser has a long cavity configuration which allows small frequency
separation between the longitudirml des and easily adjustable total bandvidth(1 5 ). The
control of these two parameters optimizes the laser-vapor coupling by preserving the
necessary velocity excitation selectivity. The laser has been obtained by extending a
commercial dye laser cavity up to a maximum length of 15m. 1ith this configuration a maximum
power of about 200 mW for a 4eHz total bandwidth has been obtained. The laser beam is
coupled to a bunch of six optical fibers which are, then, splitted apart and properly
positioned around the cell. Output couplers make the beams parallel and with a diameter
comparable with the cell diameter. A mechanical chopper switches on or off the laser by
allowing the analysis of the LID temporal evolution. LID effect is monitored through the
fluorescence intensity variations which are proportional to the atomic density. To this
purpose a lens system creates an image of the cell which is analyzed by two optical fibers,
one placed in correspondence of the cell center ( fiber a ) and the other one on the outer
part of the cell ( fiber b ). The fibers are coupled to two photomultipliers whose outputs
are amplified and processed by a transient digitizer.

to ref.cell 6 fiber

chopper bunch

pump dye
laser to the cell

k - 5 l r n -i f , , ,a
\ ' I •

N coupler

beam
function gen. splitter

laser beams xr

- -" to phototubes

Scfcell image

fiberssherical
cell Na

- resevr
laser beams

Fig. 3 - Sketch of the experimental apparatus
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hen the six beams are on, a compression of the vapor to the center of the cell is
observed. This produces a decreasing of the fluorescence sigrl in correspondence of fiber
a) (see fig.3) and an increasing in correspondence of fiber b). In fig. 4a and 4b two
signals obtained under the given conditions are reported. In fig. 4a the fluorescence signal
decreases to about half of the initial value, while in fig. 4b the fluorescence increases by
about 2 times by indicating a huge compression to the center of the cell. The signal of
fiber b) is roughly independent on its position along the external perimeter of the cell
image, while it depends on its position along the cell radius. Uhen even only one of the six
beams is intercepted, the behaviour of the vapor clouds changes completely and, instead of a
compression, a drift to the direction of the shut off beam is obtained as it is shoewn in
fig . 4c and 4d.

IF IF

C
U-

.D

IF 6 o5 1'.5 tS IF 0 05 1 1.5 ks)

1.

0 0.5 1 15 |(S) 0 05 1 1.5

Fig. 4- Fluorescence signals induced by the six laser
beams: in fig. 4a signal from fiber b);

in fig. 4b signal from fiber a);fluorescence
signals obtained with one laser beam switched

off:fig. 4c fiber b); fig. 4d fiber a).
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The reported signals do not show an effective detaching of the vapor from the walls but
they show for the first time LID in a three dimensional geometry. Moreover they indicate
that, by properly choosing the experimental conditions, it Is possible to have a cooperative
effect induced by all the laser beams. Further measurements are in progress to realize a
full confinement of the vapor in a volume smaller than that of the cell and new
configurations are under study.

Conclusions

Such an experiment shows that it is possible to modify the vapor diffusion in a 3-
dimensional geometry. The results support the possibility of achieving a complete separation
between the vapor and the cell walls. This condition would permit a new class of experiments
where the vapor, that cannot be cooled by RRP because It is in thermal equilibrium with the
environment through collisions with the buffer gas, can be driven to a very high
soprasaturation regime. Once it has been compressed to the center of the cell, it cannot
condensate at the cell walls and, if the temperature of the cell is cooled down, clustering
or molecule formation processes should be effective. Both processes can be easily studied.
oreover it will be possible to study in detail the transport properties of the vapor in
different gases and under different configurations.
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The paper provides estimation of laser welding maximum parameters. Limits for laser
beam intensity are determined by high pressure of radiation wave in plasma which
rQbults in considerable sputtering of metal during welding. The limit values of joint
weld coefficient and impulse duration are determined by maximum intensity and are
also limited. Theoretically obtained relation between maximum melt depth h and
lase beam power P is in well accordance with the known experimental relation

Application of high power lasers for welding makes it possible to obtain narrow and
deep welds, the heat affected zone adjacent to the cut being very narrow. It improves
the properties of weld joints and decreases deformation of the construction. Working out
laser welding equipment and technology it is desirable to determine the range of the most
acceptable technological parameters of the process that satisfy the conditions of obtain-
ing high quality welds with relatively deep penetration. To do this was the aim of the
present paper.

It is kriwn that deep penetration laser welding causes vaporization of the metal [11.
Interaction of radiation with the metal vapor results in an optical break-down thus
producing r radiation wave in the gas surrounding the welding zone [23. The pressure of
the wave Is ((J-)2 ry f f 1/ '13 1

where A - undisturbed gas density, I - radiation intensity, -, = effective adiabatic
exponent in c~ld gag and in plasma respectively. For air under real conditions of weld-

ing at I a 10 W/cm Ru; 50 atm. The greatest disadvantage of plasms formation consists
in detachment of plasms from the vaporization surface. Distributing in the gas (in the
shielding gAs as well) plasms affects the weld-pool and results in liquid metal sputter-
ing and in formation of defects shown in Fig. I. At the same time vaporization pressure
may be high only in a vapor-gas cavity.

Radiation wave pressure limitation up to 10-13 atm enables to estimate maximum inten-
sity of ingident radiation which does not deteriorate the property of weld joints as

0 2.10 W/cm 2 for steel. Experimental estimation of I based on the analysis of
defects produced .n variable radiation intensity welding of stainless steel givesI , - (2* 1" . 100W/cmi.

A decreaie of laser beam intensity is the simple*t way to remove plasma. But deep
penetration welding requires inteAisive vaporization1 ,3T, and it limits the possibilities
of the decrease of radiation intensity: Iefa Ie, where I,, = effective (absorbed by
the metal) power density, I - threshold vaporization intensity [3,41. I. and I. limit
the weld form coetficient. Taking that the cavity is of a cylindrical form and radiation
is distributed uniformly along its surface we obtain

where h, d = depth and width of the cavity. Hence,

4(1)

The value obtained is somewhat relative though close to experimental results. The
value of I depends on the material, the form of the cavity is not cylindrical - the
front wall receives most of the energy, but (I) shows that the role of I, is principally
restrictive.
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The suppression of optical discharge plasma could increase the laser radiation inten-
sity and , hence, the weld f rm coefficient. Actually tha fact that a definite time
TdQv (30...40,vs for I = 2;lObW/om2 and<I jps for I - 107W/cm2 (5] is required for opti-
cal break-down to be developed may be of use here. If the time of vapor scattering from
the caustic region T, = g/V, (g- caustic length, Vv- mean vapor velocity) is less than
Tdev, intensive plasma formation and sputtering are eliminated. However to achieve deep
penetration sausage-type instability cannot decrease too much [6]. An effective means
of plasms formation control is pulsing lasing in welding.

Even at continuous lasing lase weldingf3,71 is a relaxation-oscillation process that
may be represented in the follwing way. The metal on the front wall surface of the vapor-
gas cavity is heated from the temperature- Tmel to the temperature of vaporization = Ts
During the time of heating T4 some melt is formed on the front wall of the vapor-gas
cavity that is then displaced under the pressure of a steam back-blow from the irradiated
zone to the rear part of the molten pool. The time of melt displacement from the irradi-
ated zone coincides with the pulse length of developed vaporization. The front wall free
from the melt has the temperature TmgLjand the cycle is repeated. As in case of steam
escape from the caustic, if T.ap< T dev , then "switching off" the laser beam ensures the
melt displacement required, from one hand, and eliminates the optical break-down, from
the other. Such a possibility is one of the main advantages of pulsing welding conditions
where the intensity more than I* is possible, the quality being preserved.

Under steady state welding conditions characteristic times T& and T.op can be evaluat-
ed on considering the simplest case of the effect of the laser pulse on the material at
the temperature = T ,,et[71.

T4' X 2 Z= joXdE /Tlo
IAxy~Y Td Tv"'0

whreFp1 ( 1 C, W -- M,.p- density, specific heat, thermalwhreE =)2 Ic M,7o-, Ie ', C, :x , ,Z*,- ,pi
diffusivity, absorption facbtor at boiling temperature and specific heat of melting
respectively; P. ; external pressure d - ray diameter. At II = 1oW/cm2, x = 0.05
cm2/sec, F 104J/cm 3,jQ = 7,8 gr/cm , kI. = 1,5.10 4W/cm2 and d Imm we obtain
T = 500 ts, Tvap= 25 s. Tk - Trap relationship is in qualitative agreement with the
experiments [8.

For the welding to be efficient and qualitative it is necessary that clearing of the
front wall from the liquid phase take less time than heating. Hereupon vaporization los-
ses are small and welds are narrow and deep since the longitudinal melt transfer is so
fast that no appreciable heat removal from the weld takes place. Thus, the Tj< Tf
condition is a necessary condition of welding. Taking (2) into account it gives

Iefy AC E 9 (3)

Substituting numerical values for letters in (3) we get I.,4 .2.10 6W/cm2 for steels.
The sign S means not two or three times but by an order of magnitude less. So the maimum
power density absorbed by the metal on the front wall surface of the cavity I 2 2.1 OW/
cm2 . The result obtained does not do for direct application, since light inten ity on the
metal depends not only on radiation power but on some poorly known geometrical parameters
of the vapor-gas cavity. Still having I#. we can determine the minimum pulse duration
for welding at pulsing lazing that ensures efficient and qualitative welding. An under
such conditions T,, = T, (to be more exact, T. = T4 + T(), then for steels

Tp xt Y, - o-)' ej. f~is (4)

This result is connected only with thermo-physical properties of the material, it
does not depend on the optical break-down and is valid for short-wave lasers where plasma
effect is immaterial.

It is to be remembered that for the weld form factor to be high it is advisable to
have maximum incident radiation intensity I (at the entrance to the vapor-gas cavity)
and minimum prmissible intensity on the front wall surface of the cavity Ie1f that for
the given I is determined either by the developed vaporization threshold or by the
condition Tc<Tdv, the latter being more important in practice. It is important to note
that with I increasing T ,(decreases much faster than Tc decreases when Ted is
increasing. Therefore the maximum weld form factor is reached at a definite value of
incident radiation intensity that is estimated as I--(1...2).10bW/cm 2 .
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As mentioned above the condition (2) is that of efficient welding and satisfies the
condition of the vaporized mass being infinitesimal. Hence for efficient welding [7]

Tvap 1 , 9 1' ""P A (5)

where Hap = specific heat of vaporization per unit volume; J- = vaporized metal mass to
molten metal mass ratio (- 1%); A - melt layer thickness on the front wall of the cavity.
Duration Tvpis similar to that of displacement of melt layer of thickness from the
zone of irradiations. It may be expressed as follows [71:

Tva, -Tn' A "J (6)

From (5) and (6) it follows that 1 2 'T. (7)L
A I~'tivap A.i'

Since the process of welding is of an oscillatory nature, both under pulsing and
continuous conditions, the speed of welding is to satisfy the relation Y = C that
together with (7) gives

where/ = oscillatory process frequency. In continuous welding Tlva T4  , j

in case of pulsing conditions J - J,0 , where IL = pulse recurrance rates

Relation (8) connects the main parameters of w~lding conditions (eH , 0(, Vu , ) with
thermophysical properties of the materials and may be considered as a dimensionless
criterion limiting the range of most admissible conditions of laser welding. It is evident
that equation (8) gives the maximum penetration depth. Consequently at the constant
intensity I and beam diameter d maximum penetration will take place at the same relation-
ship if/ Y"' . This deduction is easily checked under pulsing welding conditions by
changing f. at I - const. and d = const. and determining the frequency that ensures
maximum penetration at a given welding speed. The experiment conducted by means of
RS-1000 unit in welding steel 08XIGHIOT shows that the relationship / Y, corresponding
maximum penetration is really kept constant (see Fig.2). Similar results were obtained
in welding titanium alloys.

Let us use relationship (a) to estimate maximum penetration depth /i"nox. In t his case
as mentioned above, t-GfW })  laser power , where & relative radiation

pulse duration (6 = I corresponds to continuous lazing conditions) and from (8) the
maximum welding speed corresponding to the maximum penetration depth is

2

_VW j ei ___
T
_ 4L/ (9)

Let us calculate the penetration depth by the formula suggested in [101:

TL0 Ydi 1~'/k&) (10)

where lzeq a the effective efficiency of the welding process.
Then from (9) and (10) we shall get

AmA - f A (11)

where A4= 1 (JfXEA __ 3 o 1Jx -e I.,

Under continuious Qonditions (6-= I) for stainless steel and the most "profitable" case
of - 2.10bW/cm2 ,Z, is 105W/cm 2 ,W = 10-2, A = 8c mm,B = 80, where Pis expressed
in watts,

The design dependance (11) is shown in Figure 3. For the sake of comparison the figu-
re also shows the experimental dependence obtained in (11] that is approximated by the
function * . The dependence accurately agrees with the experiment in which laser power

3 kW. Overstated results for low power may be due to the fact that to attain optimum
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flow 1, fine focusing is required. In this case the caustic length turns to be much
shorter than the p. Lble depth (11), which was not taken into account. On thu whole
the design curve restricts the range of formation of the most admissible welds.

For the case &>I (pulsing conditions) analogous calculations result in the difficult-
ies based on the uncertainty between Y and . The increase of &, the mean beam power
being kept, results in the increase of pulse power and in the corresponding increase
of)( . This gives rise to the decrease of h,,jand of the coefficient value A . Hence to
consider a general case at c.5oI it is necessary to study relations beyween e#,and e
at different 6 •

Estimation of limit parameters of the conditions and weld characteristics is especial-
ly important in developing laser technological equipment and technological processes of
laser welding as well as in choosing technological equipment for solving specific tasks.
Time and power parameters of laser radiation are determined rather accurately. Determi-
nation of the intensity range used in welding different metals, in particular, makes it
possible to formulate requirements to radiation and to focusing systems, to determine
the range of power and time parameters of pulsing conditions and so on. Estimation of
maximum penetrating power enables to predict the scope of technological tasks for this
particular equipment.

Conclusion

1. Maximum radiation intelsity in laser welding is limited by high pressure of the
plasms wave and is - 2.10bW/cm2 for steel.

In welding under pulsing lazing conditions the minimum pulse duration is determined
by thermophysical properties of the material ( -100 s for steels), the optimum pulse
recurrence rate being directly proportional to the welding speed.
3. The maximum penetration depth is determined by admissible intensity absorbed by the
front wall of the vapor-gas cavity (1...2.10W/cm2 for steels) and thermophysical
properties of the material.
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Fig. I Characteristic veiw of weld defects in high intensity radiation
welding.
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Fig.2 The change in the penetration form depending on the pulse
recurrence rate in the pulsing laser welding.
a. =21,3 mm/s, 1- =1660 cps, 2- =1000 cps,
3- =750 cps, 4- =500 cps, 5- =300 cps.
b. =31,3 mm s, I- =1660 cps, 2- =1250 cps,
3- =1000 cps, 4- =750 cps, 5- =500 cps.

P=330 w, G=3.
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Fig.3 The dependence of the maximum penetration depth on the laser
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1-calculation according to (11)
2-experiment 11; points from 12,13
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Nd-GLASS BURST LASER*
H. M. Epstein, J. L. Dulaney, J. F. O'Loughlin, W. P. Altman, and C. T. Walters

Battelle
505 King Avenue

Columbus, Ohio 43201-2693

Abstract

A Nd:glass laser capable of operating in 1/4 to 1 second bursts with 100 kJ energy has
been designed for the purpose of evaluating the effect of free-electron lasers on materials.
The energy of the burst is limited by the temperature rise of the laser medium, which is
determined by its heat capacity. The laser glass is cooled to 180 K before initiation of
the laser burst. The temperature at the end of the burst is limited by the thermal
population in the lower laser level. At 410 K, the gain loss due to this lower level
population is enough to lower the laser output below acceptable levels for 1% Nd doping;
pump uniformity dictates low Nd doping. By optimizing flashlamp spectrum, cavity filters,
and laser glass, the ratio of heat to available stored energy was reduced to 1.6. From the
Nd:glass storage efficiency, heat capacity, and temperature rise, the minimum glass volume
in the system can be determined. Minimum length is determined by gain considerations, and
minimum area is determined by coating damage levels.

Introduction

A need exists for the development of an understanding of the interaction of free-electron
laser (FEL) beams with materials. This paper describes the design of a low-cost, burst-type
laser which can satisfy some of the testing needs with a burst energy of 100 kJ and run
times between 0.25 and 1 second. The lower limit is associated with the economics of using
a multiphase quasi DC power supply in a short pulse, high power mode. The upper limit is
associated with gain requirements. Both induction and R.F. LINAC type FEL waveforms can be
simulated.

The principle of this type of burst laser is to minimize radial temperature gradients,
thus minimizing thermal stress, by heating the rod as uniformly as possible and cooling the
rod slowly between pulses until it reaches thermal equilibrium at the initial temperature.
The radial temperature differentials can be minimized by balancing the Nd doping and by
cavity focusing. Cylindrical focusing by the rod or elliptical reflectors can increase the
pumping at the center, while increased Nd doping increases the pumping near the surface.
Because pumping is no longer limited by thermal stresses, the burst energy is determined by
the maximum allowable temperature of the lasing medium, its heat capacity, and the
efficiency of the Nd:glass. Nd:glass efficiencies were discussed in the previous paper(1 ).

Only phosphate glasses were considered because their high gain and low absorption losses
are needed for good extraction efficiencies. The energy of the required laser burst defines
the minimum Nd:glass volume. However, beam diameter limitations imposed by damage
thresholds and rod length limitations imposed by gain requirements makes it difficult to
achieve the minimum glass volume. The burst laser involves a number of design problems,
particularly for the flashlamps, not encountered in other systems. Operation times on the
order of a second are very nearly steady state for the flashlamps but the required wall
loadings are typically triple those allowed in steady state operation. Also, the flashlamps
are operating in a regime where their efficiency is a strong function of wall loading.

Pump Cavity Design

Because the cost of this type of burst laser is dominated by the cost of supplying a
burst of electric power to the flashlamps, an efficient pump cavity is required. However,
the need for uniform radial pump distribution in the rod dictates low Nd doping in the rod
and multiple reflections in the cavity. Maintaining a high optical transfer efficiency with
many cavity reflections requires good cavity reflectors, a high aspect ratio cavity, and
efficient flashlamps. If cylindrical focusing by the rod is used to flatten the radial
distribution of pump energy, diffuse reflectors may be used, and several materials, such as
BaSO4, are 97% reflecting. If multiple elliptical reflectors are used, the best
reflectivity can be achieved 1 silvering the back side of quartz reflectors and sealing the
silver with a layer of nickelt'u. As will be discussed in the flashlamp section, the wall
loading requirements on the flashlamps limit the number of flashlamps, and thus the number
of focusing ellipses, so that this type of pump cavity is impractical. The energy
distribution as a function of aR, where a(X) is the absorption coefficient of the Nd:glass
and R is the radius of the rod, is shown in Figure l'3). The glass doping must be chosen so

* This work was sponsored by the Defense Nuclear Agency and monitored by MICOM under

Contract DAAH01-88-C-0481.
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that the average absorption coefficient produces a reasonably flat radial energy
distribution. This requires pdR less than 3, where Pmd is the percent of Nd doping.
Because the small number of lamps will produce unacceptable theta distortions at the higher
absorption levels, pmdR of 1 was selected as a design parameter.

Pump Cavity Efficiency

The cavity optical transfer efficiency is defined as the ratio of the photon energy
absorbed in the laser medium to the energy emitted by the flashlamps. Only one technique,
the Monte Carlo method, has been used to calculate the basic transfer efficiency in cavities
with diffusely reflecting walls. However, the Monte Carlo methods have proven to be too
laborious for the parameter studies required for pump cavity design. The alternative is to
treat the Monte Carlo "data" as a primary source similar to experimental data, and use a
simpler model which includes a curve fit to the Monte Ctrlo data for absorption in the
active medium. We have adapted the Whittle and Skinner4 ) method for our pump code model
because the basic data uses rod geometries and the parameter range is applicable.

The simplified model for diffusely reflecting cavity walls considers the light to be
isotropic within the cavity. Since all surfaces are equally illuminated, the light
absorption at each surface is the product of the area, the absorption coefficient, and the
light intensity. Since all light must be eventually absorbed, the proportion of light
absorbed on a surface of area Si having an absorption coefficient Absi is S1Absi/1SijAbsi,
where the summation covers the entire internal surface of the cavity including the holes and
the exposed area of the laser medium. Holes in the cavity wall are treated as surfaces with
unity absorption. The lamps are assumed to absorb with unit absorbance, then to emit a
fraction (I - a) of the absorbed energy with the initial spectrum. The capture efficiency
of the laser rod was empirically fit to the Monte Carlo calculations as a function of the
absorption cross section, index of refraction, and radius of the laser rod.

The Whittle and Skinner model, although very simple, reproduced the Monte Carlo transfer
efficiency calculations to better than 5 percent. In our model, the basic Whittle and
Skinner method is expanded to allow multigroup wavelength inputs. Spectral modifications
are calculated for each photon pass to allow for flashlamp reradiation, and to permit the
calculation of total energy absorbed in the rod as well as energy stored available for
lasing.

Computer Models

The light intensity in the n pass of the flashlamp photon in the cavity is given by

Sr.d Swf Shole
I.(A) = I_ 1 (X) I"-I(n)AbSrP(A) t - I,-(A)Absr'f(A) S 4 1 0) 6 -

(1)

SI MPS

SM.S fI.,(A) S t dX 11-a)I,(X)
In() Stt III(X)dX

where

I]() = spectral output of the flashlamps

S. - surface area of rod

Sw - surface area of the reflector

Stolso  - surface area of the holes

SIU - surface area of the lamps

St.t = SWr + Sr0 + ShoI.. + SI p

Abs,d(X)- absorption of the rod defined in Equation 2

Absm(A)1 absorption coefficient of the reflector
(1 - a) - fraction of plasma input energy emitted in a pulse

Abs.w - (1.1146 - 0.1376 n){l - exp[(-1.868 - 0.2104 n)aR + (0.3246 - 0.1180 n)02HN]} (2)

where a is the absorption coefficient of the rod, n is the refractive index, and the R6 is
the rod radius. This expression was obtained from a least squares fit of the Monte Callo
results and agreed with them to within 0.01 4). The expression is valid for 1.5 S n 2.0
and for 0 S aR# S 3.0. For nN > 3.0, the high absorption limit applies:

Absw - 1.0711 - 0.1221 n + 0.0166/(n - 0.67), aH > 3 (2a)
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In a given pass i, the total energy in the rod is found by integrating over the spectrum
the amount of energy from the lamps that reaches the rod during the i pass times the
absorption spectrum of the rod. Computationally, this becomes

Srod

(Er )i= I i (X.) Absr (X.) t A (3)

(The limits on the subscript m in Equation (3) are those which define the range of photon
wavelengths absorbed into the rod, either as heat or as potential laser energy.)

Since some of the energy in the rod is in the form of heat, the amount of rod energy
available for laser transitions is reduced by further restricting the range of the spectrum
to include only those frequencies the rod will accept for upper laser level transitions. In
addition, the ratio of the spectral wavelength to the laser transition wavelength, X13 r, was
introduced as a factor in the integra & to account for the quantum deficit. The useful laser
energy stored in the rod during the it pass through the cavity is then

(ErW)i = 'ii (X,') Abs (X,') § - ' (4)

The cumulative energies after n passes are simply

Er = (Ed) i

(5)

i-I

The algorithm is executed through as many passes as needed until the amount of useful
erargy stored in the rod in a given pass is less than 1 percent of the total useful energy
stored in the rod. This translates to between 13 and 28 passes for the test cases we
performed.

The transfer efficiency is then calculated as

Erod

= (5a)

m

Flashlamps

Probably the largest area of uncertainty in the burst amplifier design is permissible P/A
(power per unit envelope area) of the flashlamps. From an efficiency point of view, a P/A
of about 2 kW/cm2 is close to optimum. Flashlamps with a 6 mm bore and 3 Atm Kr pressure
were shown to have an efficiency of 60% for radiation emitted between 0.4 and 0.85 pm.
Radiation is restricted to this approximate interval with Ce and Sm filters for the UV anA
IR, respectively. Kr is choden as the filling gas because it has a better overlap with the
Nd absorption lines than Xe. It is important to have the ratio of residual heat to stored
energy in the laser medium as low as possible for uncooled burst systems. Because the
flashlamp plasma absorbs reflected energy in a cavity, the optimum P/A in an efficient pump
cavity is reduced to about 1.4 kW/cm2 for pulses of fractional second duration. In a steady
state operation, the thermal stress limit on wall loading is given by

(6)

P, = 2RT/t (6)

where RT is the thermal shock parameter defined as (1-v)kST/aE, t the wall thickness, Y
Poisson's ratio, a, the expansion coefficient, k the thermal conductivity, E the elastic
modulus, and ST the yield stress. For fused quartz RT = 1450 W/m, and the wall loading at
which fracture occurs is 580 W/cm2 absorbed in the wall. This flashlamp wall loading would
limit the P/A to about 1450 W/cm2 for a lamp with 60% radiating efficiency. Of course, the
thermal lag and the absorption of the UV in a Ce filter outsi4de of the lamp wall allow the
P/A to be increased somewhat. It has been verified experimentally that the flashlamps
survive at wall loadings greater than 1,400 W/cm2. The amplifier designs require wall
loadings between 500 and 1,400 W/cm2 . Over this range, the efficiency varies from 50 to
56%.
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Laser Design

The first step in the system design is to perform an energy audit, using the efficiency
information from the previous sections and the laser medium efficiency discussed in the
previous paper". The first layer of the energy audit (Figure 2) is the efficiency of
flashlamp emission into the 0.4 to 0.85 # wavelength interval. While this efficiency
increases with flashlamp wall loading from 50% to 56%, the largest fraction of energy is
pumped at the highest flashlamp wall loading, so that the average efficiency is about 55%.
The transfer efficiency from the lamps to the rod is 32% for a BaSO4 diffuse reflector and a
high aspect ratio cavity (50 cm L. x 2 cm D. rod). As discussed in the previous paper, 39%
of the energy absorbed in the rod is available stored energy for Kigre Q-88 and Schott LG-
760 laser glasses. The extraction efficiency of the stored energy is a function of the
ratio of output flux to saturation flux. Saturation flux is defined as

I. = hzL/(GrfL), (7)

where hL'L is the laser photon energy, rf the fluorescent decay constant, and oL the
stimulated emission cross section. The extraction efficiency can be kept in the 50% to 70%
range, with the higher output flux levels reached by doing polarization double passes in the
earlier stages. Finally, mode filling constraints typically cost about 15% of the laser
energy. Thus, the design output of 100 kJ requires an input energy of about 3.4 NJ.

Next we will estimate the volume of Nd:glass for a 100 kJ burst laser. The principal
limitation is the temperature at which the thermal population of the lower laser level, which
is only 0.25 eV above the ground state, becomes significant. The population in the lower
laser level, NJ, is given by

N/N0 s exp(-2900/T), (8)

where T is in K. A temperature rise to 410 K causes less than 5% loss in the gain
coefficient, and will be assumed as the upper temperature limit. Because the heat capacity
of glass decreases with decreasing temperature, cooling below 180 K adds very little heat
capacity. Applying the Einstein model of heat capacity as a function of temperature, about
450 J/cm3 are allowed in the Nd:glass. For LG-760 or Q-88 glass, this corresponds to
available energy storage of 450/1.57 = 287 J/cm3. Assuming a 50% extraction efficiency and
15% mode filling loss, the minimum glass volume for a 100 kJ burst laser is 820 cms.

It is now necessary to design an amplifier chain with a volume on the order of 820 cm3,
which has a sufficient gain to amplify a reasonable output from -10 cm3 of burst mode YLF
preamplifier to 100 kJ, while keeping the beam flux low enough to avoid damage to the glass
or dielectric coatings. The small signal gain is given by

G. = exp[(P-*)L], (9)

where = oLNOW/A', a is absorption per cm length, L the rod length, W the rate at which
ground state Nd 3 ions arc excited to the upper laser, and A' = 1/rf +W. The actual gain of
the amplifier stage, It/Ii,, is 

given by (e l

n = (P-a)Z. (10)

Schematic layouts of a 1/4 sec and 1/2 sec burst laser are shown in Figure 3. The output
powers of these systems were calculated for a laser glass with aL of 4.5 x 10-2, a = 10"3/cm,
and X = 1.57. The input from the preamps was assumed to be 5 kW for the 1/2 sec laser and
10 kW for the 1/4 sec laser. The outputs were 120 kJ and 126 kJ respectively for the two
systems.

Power Supply

The requirement for a power supply that can deliver 3.4 MJ in 1/4 to 1/2 sec can be met
in several ways. Banks of normal or pulsed batteries are alternatives. Safety, control and
switching problems are major disadvantages with standard battery banks. The total energy
stored to achieve the required currents and voltages is many orders of magnitude more than
required for a single burst. If standard batteries in the bank are replaced by pulsed
batteries, the stored energy is more reasonable, but pulsed batteries are not yet
commercially available.

An attractive alternative is a six-phase power supply which simulates D.C. by the
overlapping of phases, with only a few percent ripple (Figure 4). This type of power supply
is relatively inexpensive, safe, and easy to control. Its main disadvantage is the
requirement for high power, 3-phase lines.
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Conclusions

The heat capacity limited burst laser provides a convenient met)hod for producing
energetic laser pulses of a fraction of a second burst width. With the limiting upper
temperature imposed by the thermal population of the lower laser level, it is possible to
store up to 300 J/cm 3 in Nd:glass. This stored energy can be efficiently extracted in
systems with reasonable gain, low absorption phosphate glasses currently available. While
the uncooled burst laser is not suitable for high repetition rate applications, it is ideal
for tests of laser interactions with materials, where a few pulses per hour are consistent
with set-up and data handling rates.
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Figure 2. Energy audit for cavity with 97% reflectors.
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Figure 3. Schematic lasers for 1/2 and 1/4 second bursts.
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MEASUREMENT OF LASER GLASS ENERGY STORAGE EFFICIENCIES"
J. L. Dulaney and H. M. Epstein

Battelle
505 King Avenue

Columbus, Ohio 43201-2693

Abstract

We have measured the ratio of heat deposited to stored laser energy, X, for several
neodymium doped laser glass rods. Small signal gain measurements of the central portion of
the rods were made to determine the stored laser energy.

Heat deposition was inferred from interferometrically obtained rod expansion data. One
leg of the interferometer was arranged so that the HeNe beam reflected off of both ends of
the glass rod under study. The beam was centered on the rod and covered approximately the
same area where the small signal gain was measured. The two interferometer paths were
recombined to form a circular fringe pattern which was then centered and focused on a
silicon photodiode. Note that this method eliminates the need for knowledge of dn/dT, the
change in index of refraction with temperature. Pumping nonuniformities are averaged. The
transient fringe shift was recorded, allowing us to measure the heat absorption for an
individual flashlamp pulse. We believe this is the first time that single pulse heat
absorption has been measured.

Heat to energy storage ratios less than 1.6 were found for two of the sample rods.

Introduction

In an effort to identify high-gain/low-heat-absorption laser glass for high energy burst
lasers (like the one described in the subsequent paper), we have developed an
interferometric method for characterization of laser glass. The optimum glass for laser
systems which operate under high thermal stress conditions is the glass with the best
energy storage parameter, X. The energy storage parameter is defined as the ratio of heat
deposited to available energy stored in the ip/per laser level. Measurements of the energy
storage parameter have been made in the past"', but not with a single pulse method such as
the one described here.

Determination of Z requires two separate experiments on the glass: one to measure the
available energy stored in the upper laser level and one to measure the heat absorbed by
the glass. Stored energy was inferred from small signal gain measurements; and, heat
deposition was determined via real-time interferometric measurements of the thermal
expansion of the rod as it was pumped. Three different phosphate laser glass rods (Kigre's
Q-88 and Q-98, and Schott's LG-760) were examined in this study. All of the rods were 10
m in diameter and 200 nun long with 2 weight percent neodymium doping.

The rods under examination were all studied in the same test cavity with the same
flashlamps so that the comparison of X's would not be ambiguous. The test cavity was a
standard Kigre cavity (Model FD-M170) with a packed barium sulfate reflector and
samarium-doped glass filter surrounding the test rod. The flashlamps were 90 percent
Krypton, 10 percent Xenon, cerium doped quartz envelope devices with a 15 cm arc length.
The pulse forming network supplied -570 ps current pulses measured at the l/e points.

Energy Storage Experiments

A Q-switched laser pulse (-25 ns) from a neodymium glass oscillator was used to probe
the test rod at the peak of its fluorescence. The amplified pulse was always less than 1
percent of saturation fluence, ensuring operation in the small signal regime. A
self-irising silicon photodiode (*0.04 cm) placed after the test cavity and centered on the
laser beam was used to measure the gain through the central region of the test rod (see
Figure 1). No filters or scatterers were used in front of the diode. The gain was found
by measuring the peak diode voltage with and without pumping the test rod. Measuring peak
voltage outputs to determine gain is valid because vie are operating in the small signal
regime. Furthermore, the pulse width and energy output from the oscillator typically
varies by less than 2 percent.

Available stored energy can be easily calculated from the following equation:

hyA
E.tnG , (1)

0.45a

where hy is the photon energy, a the stimulated emission cross-section, and A the

* This work was sponsored by the Defense Nuclear Agency and monitored by MICOM under

Contract DAAH01-88-C-0481.
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cross-sectional area of the test rod (0.785 cm2). The factor of 0.45 is the fraction, F, of
pump energy residing in the upper laser level t the time of the pulse. A value of 0.63 is
calculated in a 1982 Lawrence Livermore report ), but is believed to be high as shown below.

In the experiment, the timing of the test pulse for the small signal gain measurement
was varied to find the time when n2, the population in the upper laser level, is a maximum.
This time, when the decay loss equals the pump rate, occurs some time after the flashlamp
peak, since the heat measurement includes all photon absorption in the rod during the
flashlamp pulse, while the n, measurement excludes those excitations that decay before the
test pulse and those that occur after it. Therefore, it is necessary to correct for these
losses of n2 by solving the differential equation,

dn2  n2
- = P(t) - - , (2)
dt

where P(t) is the instantaneous excitation rate and r is the fluorescent decay constant.
The correction factor, F, is then

n2
F- , (3)

t, P(t)dt

0

where n2* is the maximum value of n2, and t' the flashlamp pulse time. The factor F depends
on flashlamp pulse shape, but for a typical flashlamp pulse Lawrence Livermore Laboratories
calculated the value of F as a function of the ratio of flashlamp pulse width to decay time
of the n excitations. Using this method, F was found to be 0.63 for the parameters of our
experiments. However, if one looks at the actual optical pulse shape of the flashlamps in
the present experiments, as shown in Figure 2, and simulates the pulse by a triangle, a
more accurate value of F can be calculated.

The analytical solution to Equation (2) for a triangular power pulse is

n= T (t - r + re-t ) e-t/,r

(4)

+ P,'u + P e [r-t-(7+tp) e

where Pm is the peak excitation rate, r is the decay constant, tp half the base length of
the pulse shape triangle and t the time measured from the peak, but less than the time to
zero power. We can find the time, t.., where n2 is at its maximum by setting dn2/dt - 0,

t - 'rRn((2 + e-t)] . (5)

From Equations (3), (4), and (5), the calculated value of F is 0.45. This value is
appreciably lower than the values in Reference (3), probably because the risetime of the
flashlamp PFNs is not as sharp as those used by Livermore Laboratories. The value of F was
also calculated by numerical integration of Equation (3) with the measured pulse shape.
The two methods for determining F agreed within 5 percent.

The value of x is measured with a low energy test pulse which depopulates only a small
fraction of the excited states. The total heating of the laser medium would be greater if
the population were highly depleted by a laser pulse. There is no difference in the heat
deposition resulting in a de-excitation by spontaneous emission from that by stimulated
emission. The heat measurements are made after the populations have reached ground state.
Some slight difference may exist due to the absorption of emitted photons. The photons
spontaneously emitted can be multiply reflected in the pump cavity and have a higher
absorption in the laser medium than the laser beam photons. This effect would be very
small because of the low absorption cross section at 1.05 pm and would result in a very
slightly lower X.

Table 1 shows the values of the measured gain and the calculated values of E, for all
three glass samples.

Heat Absorption Experiments

Figure 3 depicts the interferometer experiment used to measure the heat absorbed in the
test rods during flashlamp pumping. A HeNe laser was used to reflect off both ends of the
test rod in one leg of the interferometer. The beam was centered on the rod and covered
approximately the same area where the small signal gain was measured. The two
interferometer paths were recombined to form a circular fringe pattern which was then
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centered and focused on a silicon photodiode. Note that this method eliminates the need
for knowledge of dn/dT, the change in index of refraction with temperature. Pumping
nonuniformities are averaged.

Typical output from the interferometer is displayed in Figures 4, 5, and 6 for Q-88,
Q-98, and LG-760 glasses. The end of the flashlamp pump pulse is taken to be 1.2 ms after
the initial flashlamp trigger since more than 99 percent of the flashlamp energy has been
emitted by this time. Fringes are counted from time zero to 1.2 ms. The fringe amplitude
variation is due to the detector's slow response time. The minimum fringe amplitude
corresponds to the peak pumping rate. Note that the fringe spacing and amplitude increase
toward the end of the pump pulse as the lamp radiation falls to zero. Apparent expansion
past 1.2 me is most likely due to the rod inertia (stretching) after rapid expansion.
However, the additional stretching is less than 5 percent of the total expansion (< 0.25
fringes) and the resulting uncertainty in determining the total number of fringes due to
thermal expansion is less than 5 percent. Thermal diffusion from the outside could be a
small factor but the diffusion depth for 1 ms is only approximately 10 pm, which is a
negligible contribution to the heating at the center.

The temperature rise in a rod is related to the measured fringe shifts by the equation:

mX<cos e>
AT 2n aL (6)

where A is the HeNe wavelength, m the number of fringe shifts, n the index of refraction of
air (n m 1), a the thermal coefficient of linear expansion, and L the pumped part of the
rod length. The average of the cosines is defined by:

<cos 8 = j (coS e1 + cos e2) , (7)

where e1 and 0, are the angles of incidence of the HeNe beam on the rod ends and are
approximately equal. The energy deposited as heat is given by

Eh P V C AT , (8)

where V is the volume of the pumped part of the rod (flashlamp arc length multiplied by rod
area). Since the length factor in V cancels L in Equation (6), the value of L is
unimportant. C, and p are the heat capacity and density of the glass, respectively.
Results for Eh and the ratio X = Eh/Et are listed in Table 1.

Table 1. Storage Efficiency of Phosphate Glasses

Glass G E.t (J) Eh (J) X

Q-88 3.75 ± 0.12 10.86 ± 0.28 17.00 ± 0.93 1.56 ± 0.10

Q-98 4.17 ± 0.15 10.44 ± 0.28 26.13 ± 1.37 2.50 ± 0.16

LG-760 4.46 ± 0.18 11.69 ± 0.34 17.93 ± 0.99 1.53 ± 0.11

Discussion and Conclusions

Both the stored energy and heat absorption measurements were carried out under identical
conditionst without actively cooling the test rod (only air was in contact with the glass),
the pumping energy was the same, and the same central area of the rod was studied. This
ensured that the energy ratios would be valid. Also, note that any flashlamp pumping non-
uniformities were averaged out in both measurements since both measurements use the entire
length of the rod. Therefore, X is not affected by pumping nonuniformities.

The reported errors in the stored energy measurements stem primarily from the pulse to
pulse variation of the probe pulse, which was relatively small (<2 percent). The major
source of error in the heat absorption experiments is in determining the "end of pumping"
time (taken to be at 1.2 ms), which results in an error of approximately 5 percent in the
number of fringes. None of the errors reported in Table 1 include errors inherent in the
glass constants. The glass constants used in Z calculations, listed in Table 2, were
supplied by the manufacturers.
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Table 2. Properties of Phosphate Laser Glasses

Glass n a(x 10- 7/K) Cp (J/gK) p(g/cm3) u(x 10-2 cm2 )

0-88 1.545 104 0.81 2.71 4.0

Q-98 1.555 99 0.80 3.099 4.5

LG-760 1.508 125 0.75 2.60 4.2
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Professor Brau:

Thank you, Frank. I would like to welcome everybody to the panel on Strategic Defense, our bi-annual
affair. Today, Frank Duarte and his committee have assembled what I think is an exceptional panel. The
structure of the panel discussion will be as follows: we'll have a series of prepared remarks, which will
take place prior to the break. The break will then be followed by a question and answer period. The
charter of the panel, as we were given it, is to discuss the question of what is the progress on strategic
defense and especially lasers, of course, in the last three or four years. The prepared remarks will be
about 10 minutes for each person, give or take a little, and to maintain schedule, what I'm going to ask
is that the questions during the prepared remarks be restricted to those questions which are for
clarification. Questions of substance I hope you will bring back after the break time so that we can
have a lively discussion. The first speaker today is going to be Dr. Kent Johnson. Kent is from Lawrence
Livermore National Laboratory, where he's been for the last 17 years. He is leader of the Strategic
Applications group. That group has as its focus Weapons System Analysis. He is not a laser jock as we
would say. His scope is somewhat larger than that. So, he's going to make a few remarks on the general
architecture of strategic defense, as well as some of the things that are going on in Livermore.
Dr. Johnson.

Dr. Johnson:

Thanks, Charlie. I'm going to be commenting on three different areas, two of them having to do with current
directed energy programs at Livermore relevant to strategic defense. The third thing I will talk about is
some ideas about policy objectives for defense and their implications for directed energy weapons in general.

First, let me talk about military applications of x-ray lasers, which is a subject I don't think many of
you have heard too much about in at least the last few years. The charter for the Department of Energy's
role in endersranding military applications of nuclear directed energy weapons was spelled out in a
memorandum jointly signed by then Secretary of Defense Weinberger and Secretary of Energy Herrington in
1985. It states that one purpose is to understand the threat, the counter defense threat that a Soviet or
other offensive x-ray laser might pose to a U.S. defensive deployment. A second purpose is to understand
the feasibility and impact that such a concept might have on our deterrent forces if deployed in a Soviet
SDI-like system. And a third is to explore nuclear-directed energy options as SDI possibilities, to see
if they offer some unique advantages and opportunities not afforded by other technologies.

Let me remind you of a few of the characteristics of a nuclear-driven x-ray laser, which is the particular
focus of nuclear-directed energy work at Lawrence Livermore. The energy form is a directed beam of x-rays;
obviously, it is a single pulse operation. The spectrum is a line source rather than broad band. The

lethal effects are dominated by blow-off impulse and subsequent lethal shock mechanisms. The engagement
arena is exclusively exo-atmospheric, above roughly 100 kilometers. The basing modes primarily considered
by the program are from sea or land-based locations. In principle, such a device could be based in orbit,
violating at least one additional treaty beyond that of other SDI systems. But in practice, the program
has been almost totally oriented toward looking at so-called pop-up applications. This includes under-
standing, from the red team side, the defense suppression and anti-satellite options, and from the U.S.
defense side, the opportunity for defense reconstitution. If parts of, for exawple, a space-based
interceptor constellation were taken out in a precursor ASAT attack, XRLS could pop-wip rapidly to be ready
to engage against ICB''s, SLBM's and post boost vehicles. In principle, the weapon could be used against
re-entry vehicles, but the mission is not as compelling.

It seems to me, at least, that the really dominant reason for looking from a defense point-of-view at x-ray
lasers is because of the possibilities they offer in land or sea-basing for survivability and for inter-
cepting during the boost and post boost phases of the engagement. They have high leverage. In principle,
multiple beams can be effective against some fairly large number of targets per weapon. They are compact
in size -- and the reason for the compact size is twofold. One is the (still amazing) energy-per-unit
weight that's available from a nuclear source, roughly a millionfold compared to a conventional chemical
source. And the second is just the fundamental difference in wavelength between an infrared photon and an
x-ray (factor of 1,000), so that operating in interesting diffraction limited regimes implies apertures on
the order of centimeters instead of on the order of 1-10 meters.

Finally, because of the light-weight energy source, it might be expected that such a weapon could be
inexpensive. This chart shows a cartoon for possible operational deployment on a strategic defense
submarine. There was a study conducted by SDI three years ago called the SDI Maritime Adjunct Study,
examining possible missions for a so-called strategic defense submarine. Several different weapon concepts
were examined for deployment on such a submarine. One of those was a nuclear-pumped x-ray laser. By and
large, the study did support the possibility, in principle, that launch timelines could be met with rapid
national command authority decision. It leaves open the possibility that the x-ray lasers could combine
with orbital kinetic kill vehicles to form a strategic boost phase defense dyad, or when coupled with
ground-based or Conus-based systems, the possibility of even thinking about a strategic defense triad,
each with its own unique options, survivability features, and difficulties to counter measure.
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We've also studied the threat of an entry-level x-ray laser as a counter defense weapon. Same brief
estimates similar to those done in the American Physical Society DEW study indicate that the technical
requirements for a counter defense weapon are likely to be less than those for a defensive weapon. The
fundamental advantages include the possibility of quite a short timeline, since the x-ray laser could be
boosted to a point just above -100 kilometers, and take its shot rather than flying all the way to the

defense platform. This eliminates some of the defensive tactics that such a satellite might have. It makes
shoot-back difficult, although not impossible for some classes of weapons. Also, it makes it very difficult
to maneuver in time or to deploy shields in the very rapid timeline.

As far as the program goes, the funding has been very largely dominated by spending on the Department of
Energy's side of the house, with some additional money coming from the Directed Energy Office at SDIO. This
chart is kind of a summary of where the program stands now. It's still viewed to have potential as a high
leverage U.S. defensive weapon, and as a possible threat to the U.S. deterrent, if developed by the other
side. We have demonstrated substantial progress in obtaining key performance milestones. We have
particularly made very significant advances in understanding better the physics that we're looking at in
underground tests. Not an easy thing to do. We've had a program worked jointly with SDIO to look at
critical engineering technologies required to build a weapon. We've also had some discussions with DNA to
understand the possibilities for effects testing someplace down the line. In general, of course, progress
is contingent on continued DOE and DOD funding. That's under stress, just like for some of the other
directed energy weapon technologies.

Switching gears once, I want to review what was done on Lawrence Livermore's Free Electron Laser Program
during the last year, and where that's going now after the White Sands decision has gone to the Boeing/Los
Alamos team. People may recall that it was in 1985 that our electron test accelerator was used to drive the
first high-powered tapered wiggler operating at 35 gigahertz. The power gain with the tapered wiggler was
demonstrated with peak power levels above the gigawatt. The rather remarkable thing about those experiments
was the extremely efficient energy extraction that was observed, that is, 40 percent of the electron energy
was converted to photons. During the last 2 1/2 years, we've been working at the Advanced Test Accelerator,
the high current, medium energy 50 MeV facility about 20 miles east of Livermore, working on the Paladin
experiment operating at 10.6 microns. Experiments were done at 5 and 15 meters, but during the last six
months, a 25 meter wiggler set of experiments was also done. In these experiments, we demonstrated the
gains that I mentioned, including an extraction efficiency measured at 1 1/2 percent, which to my under-
standing is the highest extraction efficiency observed in that frequency regime. It looks as if there
will be no more work in that area during fiscal year '90.

There is currently work on a different project, however, and that's using the free electron laser as a
microwave source for heating of the plasma in a tokamak. The Alcator B Tokamak from MIT 1.as been trans-
ferred to Lawrence Livermore, and experiments are going on there now. They use the ETA2 machine, a 6 MeV
machine capable of operating at roughly three kiloamps. We're in the middle of those experiments now. We
have observed peak power levels of about & gigawatts, at a frequency of 140 gigahertz. The goal. for the
heating program is about 250 GHz.

"Phase One"-Iike defense may have application
over a broad range of strategic objectives

Objectives Program implications

"Technological deterrence" Vigorous R&D, technologies on
shelf

Improved intelligence/ Significant deployment of
warning/offense response space-based sensors & improved C3

Accidental/unauthorized 3-5 ERIS sites and/or 100's of SBIs;
launch protect!on requires ABM Treaty modification

Enhance deterrence ERIS and/or SBI cost competitive
with offense options vs.
constrained threat

"Phase One" with preferential
defense:

- saves many targets
Limit damage - can't meet long term goals

vs. responsive threats

Role for DEWs
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Moving to my third subject, I wanted to discuss some thoughts about defense architectures. I think
something that's worthy of note has been the recent interest in Congress and within the Defense Department
about quite a range of roles for a strategic defense, including in particular those for a much less than
perfect defense. Quite a different emphasis than during, for example, the Fletcher Panel in 1983, which was
laying out the road map for R&D for SDI. Some of the policy objectives that a strategic defense system or
components thereof might perform are listed on the first chart. This is not an exhaustive list but it's
perhaps a typical one. The first box might be roughly where we are now, a form of technological deterrence
with a vigorous R&D program, perhaps with a goal to get some technologies on the shelf, but, with concern
for the ABM treaty and on costs for deployment, perhaps not going any farther. Moving along, there have
been discussions over the last year about the possibility for deployment of sensor systems which could
significantly enhance intelligence gathering capabilities, providing early warning of either tactical or
strategic attack, and the possibility of giving some aid to an effective offensive response t such an
attack. It would require significant actual deployment of space-based sensors and improved CS, particularly
if retargeting of offense assets were one of the rationales. The amount of money, and perhaps I shouldn't
speculate on that too much, would certainly be nontrivial, but less than that associated with weapon
deployment. Next: there has been quite a bit of interest by Congress, and in fact, explicit requests by
Congress to SDI for reports on the possibility of an accidental or unauthorized launch protection system.
These requests have often been couched in terms of treaty compatible, or ground-based systems. There
certainly are other possibilities on the horizon, too. Now, this is my own personal point-of-view, but
I think an effective accidental launch protection system under the current conditions of the ABM treaty is
not possible. If by that treaty, I mean one which constrains the U.S. by the 1975 protocol to basing only
in Grand Forks. I think the kinematics for ground based interceptors based in Grand Forks against submarine
launches from either mid-Pacific or mid-Atlantic are just not going to be feasible with the radar track time
that you might expect to have. Nevertheless, in principle, on the order of three to perhaps five sites for
long range interceptors -- and I used ERIS in a generic sense on this chart - could be sufficient,
especially in a world where the other side has not decided to deploy a great array of penetration aids,
recognizing that this system is really only effective against accidental or low-level launches. Another
possibility is for the deployment of perhaps on order of 100, maybe a few hundred, depending on exactly what
you're trying to protect against, space-based interceptors, whether they be Brilliant Pebbles or the Phase I
type of interceptors presented by SDIO to the Defense Acquisition Board several years ago or some hybrid.
Nevertheless, on the order of hundreds looks like a possibility. Certainly, that would require ABM treaty
modification and rewriting. It doesn't seem as impossible to achieve such an understanding now perhaps as
it may have once seemed.

Along the line of increased capabilities in defense, we examine enhanced deterrence. I will show a chart
on ideas for enhancing deterrence; in particular, the idea of enhancing deterrence in the sense not of

disrupting the attack but of being cost effective in providing an assured retaliatory capability. Maybe
what I should have written in this box is providing guaranteed retaliation, and I'll expand that on the
next chart.

Then finally, of course, we come to the mission which many would think is the only right mission for SDI,
but others might not. That's to provide a very high capability of damage limitation. Now it is interesting
that a Phase 1-like system consisting of a mix of ground-based and space-baseo interceptors, using
preferential defense, actually can save many targets and much value (in a systems analytic sense) against
a rather capable threat. It certainly can't meet long-term goals of greater than 90 percent of targets
protected against very responsive threats, and that's been viewed as an obvious role for directed energy
weapons.

I'm going to say just a couple of words on this idea of kinetic energy weapons in protecting military assets.
Chris Cunningham, at Lawrence Livermore, has done some interesting calculations. In particular, he looked
at two threats which I call START-constrained, since that's about the number of RV's that he looked at in
the threat, 4,000 to 5,000. I'm going to show results for two threats. One is a mix of evolutionary and
fast-burn ICBM's with what I call first-generation decoys on most systems; that is, they might be fairly
capable against medium resolution optical systems, but might not be particularly capable against ground-
based radar, for example. A radar system has usually been associated with deployment of the ground-based
interceptor. Threat 2 is all fast-burn ICBM's, evolutionary SLBM's and a more advanced set of decoys. The
results are shown here in kind of a convoluted figure of merit, but one I find interesting. It's warhead
equivalents saved in a counter-military attack. Now what's a warhead equivalent? Well, in the case of an
attack on an asset which actually contains warheads, like an MX silo, the warhead equivalent is the number
in the silo, ten for MX for example. For other parts of the target base, there has been work in various
parts of the community to try to make some equivalence, and Chris has relied on this work to derive a value
structure. What I've done here is talk about the cost, or the savings, rather, in warhead equivalents in an
attack, per million dollars spent on the defense components (on the left). On the right, I show the similar
cost in deploying presumably survivable offense assets. The effectiveness of the defense is critically
dependent on discrimination, measured by the K factor of the system's sensor elements. The boxes for
Threat 1 correspond to a range of K factors between (4,3) - very good and (2,1) - fairly good. The pair
of numbers refers to (radar, optical sensor) capability. For Threat 2, we used (1,0) - corresponding to
excellent decoys. For the best discrimination, a ground-based interceptor (GBI) concept can go up to as
much as a warhead saved per million dollars spent, and that is very effective. It is a much more effective
expenditure of dollars in preserving retaliatory capability than actually spending that money to put
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warheads on Trident submarines. I think that is a really provocative result. The second defense is a mix
of ground-based interceptors and space-based interceptors and the third is space-based interceptors alone
(for a particular class of space-based interceptors). Now, these costs can go up and down; in particular,

I don't have Brilliant Pebbles numbers folded into this analysis. They would look better than that.
Nevertheless, several messages are clear. There's about a factor of 3 to 5 decrease in performance of the
defense between Threat I and Threat 2; and defense can be competitive in terms of spending money on one
additional warhead asset compared to offensive options such as Trident 2 or a mobile U.S. missile system.

What are some of the implications of thoughts like these - and I refer back now to this whole range of
policy objectives - on a so-called Phase 2 Strategic Defense System, based now on directed energy weapons
in addition to a presumably initially deplbyed kinetic energy weapon system. Well, it seems to me that it's
unlikely that directed energy weapons are going to make the cost cut for the mission of enhancing deterrence
alone, if by that phrase I really mean providing secure retaliation versus the cost of deploying one
additional survivable offensive warhead. And the figure of merit that DEW folks have to shoot for, I think,
looks like something on the order of .05 warheads saved per million dollars if they want to make that case.
The evaluation also has to be against advanced threats that are too tough for the kinetic energy weapon
systems. In some sense, the Directed Energy Weapon advocates may be in a box in the phase space of policy
objectives and capabilities. It's recognized that, at least for a Phase 2-like strategic defense system,
the capability to protect greater than some number, maybe 50 percent, maybe 70, maybe 90 percent of target
value that would otherwise be taken out in a large attack, is a mission, a national goal. It may be
realizable by kinetic weapons against some threat, a rather constrained threat, as you've seen by my
analysis of Phase-l-like systems. Perhaps deployment of larger numbers of kinetic energy weapons may be
effective against tougher threats. So the threat's got to be stressing enough to justify the DEW's against
the kinetic weapons, but it can't be too tough or the cost and/or the technological requirements for the DEW
start to go through the roof. So that's one part of the box. The second is: What should it cost? Well,
there are proposals on the table for Phase 1-like systems in the $20 billion to $30 billion class; I refer
to General Abrahamson's valedictory speech in January. Many of you have seen some rough analyses on cost
for large deployments of DEW weapons. They typically reach at least into the $100 billion regime. When
we think about national budget trends, the Phase 2 system better not branch too far into the right-hand side
of this phase space. In conclusion, I think that it still remains to directed energy advocates to make the
case for this kind of a future in which they're able to deal with these boxes of threat and cost, or perhaps
to jump out of them by making a case for other possible attributes in terms of survivability, innovative
techniques, resistance to counter measures and so on. Perhaps in these areas they could look competitive
and interesting compared to kinetic energy weapons.

Professor Brau:

Thank you, Kent. Is there a question in the nature of clarification before we go on? Well, I think that
that pretty much lays down the challenge for the rest of the speakers. The second panelist on our program
today is going to be Kumar Patel. At the present time, he is Executive Director of Material Science and
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Engineering at AT&T Bell Laboratories. Everyone here, I'm sure, is aware of his contributions to lasers
and science in general. His most popular work, without doubt, is the American Physical Society Report on
Strategic Defense. He's going to make some remarks, I think, in the nature of questions that we'd have to
answer. Kumar.

Dr. Patel:

Thanks, Charlie. First of all, let me thank the organizers of this panel for including me in this
discussion, which relates primarily to the directed energy weapons. I also want to observe that when I
look at this panel, I can imagine how the gladiators felt when they were thrown among the lions. Almost
everybody on this panel is in some way or the other associated with SDI. I'm not. But nonetheless, I'm
an interested observer on the issues surrounding SDI. My colleagues are committed in one way or another.
As an aside, let me tell you the distinction between being interested and being committed. That's the
difference between the chicken and the pig when it comes to a breakfast of eggs and bacon. The chicken is
interested, the pig is committed! (laughter) Let me come to the issues. As I mentioned, and as Charlie
mentioned, my connection with SDI directed energy weapons technology essentially was in connection with the
American Physical Society report when that report was issued a little over two years ago. That connection
ended at least on a formal basis, but I've continued to keep myself abreast of what's going on. An
observation I would like to make is that many of the issues which are raised in that report, and those
issues identified as being crucial ones, are still relevant today. Let me give you a few of those
examples. For chemical lasers, high powers were seen to be necessary except in some very least demanding
type of applications. And the alpha laser, which was described by Colonel Meyer, clearly moves us in that
direction, the direction of providing us with a technology, a machine that might produce higher powers.
Beam quality at highest powers needed was also identified as a critical issue. In the areas of ground-based
free electron lasers, several physical concepts, such as optical guiding and harmonic control of the output,
were seen as critical issues, as well as the issue of obtaining very high CW powers and high pulsed powers
at short wavelengths. Now we have seen that efficiencies, as well as very high powers, are obtained at
longer wavelengths, wavelengths longer than 10 microns. The critical issue is if we want to take advantage
of the ground-based free electron laser, the short wavelengths are very crucial because that determines the
size of the space-based optics. For neutral particle beams, the issues of beam current scaling, beam
voltage and duty cycle scaling, pointing accuracy and the needed retargeting rates were crucial issues.
None of those have disappeared, as we heard this morning. For lasers of all kinds, whether they are
ground-based or space-based, there is a need for an optical chain which includes phase control techniques
for combining outputs of different modules, if one cannot build a module of sufficient size. Dynamic
phasing of telescopes to obtain large effective apertures, high reflectivity coating which are resistant
to damage when exposed to intense out-of-band radiation, radiation for which the mirrors are not designed,
and damage due to MeV protons and high-energy electrons during the long residence in space for space-based

optical components are some of the important issues. I'm not concerned about counter measures at the
present time except for the fact that the counter measure includes out-of-band optical radiation. For
ground-based lasers, there are issues of phase correction techniques for compensating for the atmospheric
aberrations. These were seen co be important - that will seem to be an important issue both in terms of
increasing the resolution, the number of elements that one might use for correcting such an aberration, as
well as its operability at the high powers needed for the SDI applications.

Regardless of what scheme one uses in connection with defense against ballistic missiles, the detection
and acquisition of ICBM launches for boost phase intercept requires both high detection capability, as well
as low false alarm rates. For that particular application, there is a very critical requirement on active
tracking, tracking such that the target can be destroyed during the available time. For mid-course
intercept, active discrimination is required to distinguish between re-entry vehicles and penetration aids.
The point is that for a fully deployed system which has substantial amount of directed energy weapons as
its component, there will be substantial amount of space-based assets in form of satellites, space-based
mirrors, lasers, etc, which can be threatened by directed energy weapons of the other side. And one such
issue was pointed out by Dr. Johnson just a little while ago, which is the threat from the enemy-launched
x-ray pop-up lasers. So survivability and reliability of space-based assets clearly needs to be examined
in greater detail.

But these are the issues dealing with components. What we are really talking about is a large system,
assuming that the size of the system is what one talked about in the early days of SDI, which is a more or
less complete defen&e against ballistic missiles. If one were to scale back from that kind of defense to
defending either point sites or not defending large land areas, then of course the demands on any type of
technology used for strategic defense goes down. And therefore, it's a mistake to assume that what is
possible on a small scale is immediately applicable to a full-scale defense application. From a systems
designer point-of-view, there is very little past experience that we or anybody else has for controlling,
designing, and fielding a system of that size. Not that it can't be done, but it is an important issue.

There are a couple more observations. Until about two years ago, the nuclear pumped x-ray laser was seen
to be one of the principal, if not the principal weapon - a very important part of the strategy. I think
it still remains the case, but there is very little heard in terms of where the technology stands and what
the important issues are that need to be resolved. We are even led to believe that deployment of such
systems was only around the corner. Clearly, it wasn't around the corner, not in the two-year time period
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that we have seen. Similarly, in that time scale, excimer lasers were also seen to be important and were
being seriously considered. The reason I bring out these issues is not because one should not change one's
view regarding what technology is going to be useful, but the observation illustrates the problem, that is,
at what point does one make a decision about what specific technology should be developed for engineering

demonstrations. As we learn more about the systems, we'll find out better ways of doing things, perhaps
cheaper ways of doing things. And more importantly, we'll find out in a more reliable sense what
technologies ought to be pursued and what should not be pursued. I'm pleased to note from the talks this
morning that there is a continuing progress that's being made in many of the technologies, whether they be
lasers, neutral particle beams, or detection. Yet, there are a number of open issues which remain to be
resoived at the R&D stage. Issues dealing with reliability and survivability clearly need considerably
greater attention, especially for the space-based assets.

Let me close by saying that nothing that I have heard in the two years since the APS report was released
forces me as an individual to quarrel with the conclusion that was reached in that report. The conclusion
said that a decade or more of intensive research will be required to provide the technical knowledge needed
for an informed decision about the potential effectiveness and survivability of the directed energy weapon
systems. Note that that conclusion dealt with a fully deployed system. It did not deal with encountering
a limited type of attack. If one is willing to scale back the size of offense that one is going to face,
then many of the conclusions have to be revised. If one is to encounter only one enemy ICBM, clearly, what
one needs to do is very different from the actions required to face a full-scale attack. All of this, of
course, assumes that the world that we live in and will live in is what it was rather than one which is
unfolding day after day, both in the Soviet Union as well as Eastern Block countries. I'm not qualified to
comment about any of this. Clearly, for the policy-makers, there are important decisions to make, but not
for what R&D ought to be carried out. I think R&D ought to be carried out on many of the issues that deal
with high-energy lasers and energetic particle beams, detection of launches, discrimination, tracking and
so on. These issues will continue to be important for a long time.

Professor Brau:

Thank you, Dr. Patel. Are there any questions of clarification at this time? If not, then I'd like to go
to the third member of the panel, who is Tom Meyer. Tom is the director of the Directed Energy Office in
SDIO. I have in my remarks that it looks like he's been there for 75 years, actually, it's greater than
five years. But sometimes it seems like it's been forever. Tom has been in SDI before SDI, in fact, he
was at DARPA in those days. Tom's going to sort of continue, I guess, his remarks of this morning.

Colonel Meyer:

I hate to be reminded of my age, Charlie. There are certainly people who have worked on lasers longer than
I have sitting on the panel. I'd like to really quickly summarize again what I talked about this morning.
I don't want to belabor the point, but the topic that we are addressing is what's happened in the last four
or five years. I have a single chart here, I think, on each of the major weapon systems that pretty much

should convince you that we've progressed way beyond the physics questions in demonstrating this technology,
and we are in the engineering integration phase of determining whether something's feasible or not. The
question that Dr. Patel raises is - is it cheaper to do a thing one way than another? I think in the
chemical laser it's clear that we have the scaleable technology. We have the Alpha laser, which is a
technology scaleable to the weapons level systems that we need. We have the LAMP mirror, a segmented mirror
scaleable to larger apertures if we want. We know how to do the beam control that goes with all this. The
question now is integration at the sub-scale on the ground first, and then in space, to show that all these
pieces fit together and work as we expect them to in an engineering sense. In the NPB program, again, we
have the ion source at the current and brightness levels that we want for the weapon we're going to build,
the RFQ, and the drift tube LINAC. We have demonstrated the magnetic optics, as I showed you this morning,
and the neutralizer, another amazing thing, as I was pointing out, an engineering achievement. We no longer
require complicated gas cells, but merely a simple piece of foil to neutralize the beam, and of course,
we've demonstrated beam sensing. We're pressing on to demonstrate on the ground the higher energies that
we require, and of course, we've already done a space experiment that determines whether or not space craft
charging is a problem, and if there are other things that may be surprises which we were not aware of. With
regard to FEL, there were several talks by John Madey and Kent Johnson about the progress made there. We've
proceeded quite a way toward understanding how to build bright electron beams at the current we need to
build a weapon. We have chosen a particular approach to achieve this. We have large and very sophisticated
codes that model the performance we'll get out of these machines, and they're very predictable, and we're
pressing on to build a machine at White Sands. We also have built a lot of the components for doing the
atmospheric compensation. We understand - on the laboratory scale 2nd in the real atmosphere - how to do
turbulence correction. The question that we're pressing on to resolve now is the interaction of turbulence
and thermal blooming in the atmosphere, a topic that you've heard several papers presented on this week.
And finally, the topic of how do you acquire and track these objects in space and how do you identify them.
There are several experiments in this area, as I talked about this morning.

With our LACE and RME spacecraft, we'll do experiments to determine how you establish the relay links for
the ground-based laser and how well it is being propagated through the atmosphere to those targets. Starlab
is an integrated experiment that will identify remaining issues for acquiring and tracking boosters as they
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come up through the atmosphere. It will show active tracking at the required resolution, and the sub-micro
radian tracking precisions necessary to scale to, first of all, sub-prototype levels, and finally to the
full prototype systems that we need. So I think, as I said this morning, the progress is substantial; we're
in the stages now of doing technology integration at subsystem levels so that we can scale to the higher
power levels, higher capabilities levels, when this country decides to do that, if it decides to do that.
So I wanted to gain some time and that's all I had to say, Charlie.

Professor Brau:

Thank you. (Applause) Do you have any questions of clarification? If not, then I'd like to introduce our
fourth panel member, who is Marlan Scully. Professor Scully divides his time between teaching physics at
The University of New Mexico in Albuquerque, being director of the Max Planck Institute, and ranching in the
beautiful highlands of New Mexico. Marlan's going to bring a little different perspective to this panel.
As an academic, he's going to talk about the relationship between SDIO and universities. I would say to you
that Marlan could bring a different perspective to almost any discussion. Marlan.

Professor Scully:

Thank you, Charlie. We've been involved with these kinds of questions for some time. I always tell my
students that it's important to do two things when they're in graduate school. One is to learn to enjoy
physics, and the other is to learn to employ physics. I'm sure it must not have been much fun to learn to
read. But once you've learned physics and you are able to begin to investigate interesting problems, it's
a great thrill.

High-power laser physics is a wonderful example of an area in which there are interesting problems and
problems which are fun, as well as - I'm going to avoid the use of the word relevant, but fun as well
as interesting. I remind myself of the famous oxygen iodine laser. And the fact that these incredible
molecules live for 40 minutes in the excited state of, for example, singlet delta oxygen. Look, if you
will, at the wonderful progress which has been made in the free electron laser arena; these devices are
even a component to the economy of New Mexico.

Now, from the interesting applications to bizarre possibilities, I'd like to mention the new ideas of lasing
without inversion. Here we could have a laser such that there could be more atoms in the ground state than
the excited state by orders of magnitude. Utilizing quantum interference, as will be discussed in talks
tomorrow, we can effectively render atoms in the ground state invisible so that one atom in 106, say, in
the excited state would be enough to make a system lase. Obviously, for very rapidly decaying x-ray
transitions, that has certain fascinating possibilities.

Now given that high-power lasers do exist, the possibility of doing physics with them is both immediately
and potentially fascinating. Let me remind you of one very interesting, experimentally observed phenomenon,
namely the so-called "above threshold ionization." The ionization is produced by laser radiation incident
on some particular neutral gas; we measure the number of electrons at some particular energy and find,
surprisingly, that the electrons come off with a spectrum of energies in a sort of comb, with a separation

between peaks given by the laser frequency. So we have this wonderful example of physics occurring in a
high-power laser system which is both unexpected and completely explicable in terms of simple quantum
mechanics.

The application of these high power laser devices to problems which are relevant to issues far beyond any
temporal issues is immediate and exciting. Perhaps one day soon we will see a panel discussion of this
group directed toward problems in the arena of disease and other problems we would a'.L like to address in
the not-too-distant future. I'd like to conclude with the observation that his beautiful work on free
electron lasers applied to medical physics is supported by SDI. Right, Charlie?

Professor Brau:

That's right.

(Applause)

Thank you, Marlan. Are there any questions on this talk? All right. If not, let me introduce the next
member of the panel, who is Richard Gullickson. Richard is the Chief of Electromagnetic Applications
Division of DNA. Previously, he was Deputy Chief Scientist at SDIO. Dick has really, in his time, made
the rounds of all the important places to be. AFWL, LLNL, AFOSR, DNA, DARPA, and now DNA again. He's
gotten every list of letters in the alphabet. Dick, take it away.

Colonel Gullickson:

Thank you, Charlie. What I'd like to do in my few minutes here in these opening remarks is to cover, I hope
briefly, the points that several of my predecessors have made in terms of where we stand in the advances of
the strategic defense technology, especially in the directed energy area. But now because of my new
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affiliation with the Defense Nuclear Agency, where we support the Strategic Defense Program in the area of
power technology, I want to go off a little bit into that field just to describe to you some related
advances and some related applications of that technology. I'd like to follow the guidance of Charlie Brau
a little bit here, too, and if I can remember as I go through, to make several additional points. One is
to identify those things which, in comparing where we stand now in 1989 versus where we were in 1984, have
really been surprises in terms of technical advances. Another thing that I'd also like to do to make it a
lot more interesting, is to talk about disappointments and regrets. I think primarily that you will find
that my disappointments relate to pathways where we have started very interesting programs, gone a certain
distance down those paths, and have been unable to continue due to resource limitations. Many examples
come to mind and I'm sure that I'll get to several of them in the talk. They include excimer lasers in

particular, both discharge and electron beam pumped, which, as Dr. Patel mentioned a while ago, were thought
to be the leading candidate for the ground-based laser back in 1983, 1984, and still in fact have lived up
fully to their technical promise. Only the surprises of the great advances in free electron lasers have
made us go beyond that excimer technology to other possibilities. Also, one of the themes that I want to
make here is that for better or worse, SDI has become the funder of last resort of many key directed-energy
technologies. And as a result of that, and also because of the promise of these technologies, we find that
there are many joint-use applications, many civil spin-offs. The things that come to mind again, because of
my connection with an agency that does power programs, are things like the Superconducting Magnetic Energy
Storage program, SMES, which provides power for the ground-based free electron laser. Another example is
the SP100 space reactor, where it is clear that there are missions within SDIO that are enhanced by having
this key technology involved, but where there are also even more compelling missions in the civil arena. So
let me go through now very quickly and talk about some of these things. The first thing that I'll do is to
kind of mimic what Tom Meyer did in his view graphs that are kind of like wiring diagrams of advances. And
I hope as I go through my three charts, I'll focus on one new point in each of those areas. These charts,
by the way, appear in last year's proceedings, but they have been updated since then. To me there are
several surprises/miracles that have developed within the strategic defense program. And one of them is the
great advance in non-linear optics. And to me, that made all the difference, or much of the difference in
terms of the viability of the chemical laser, which I consider to be an extremely promising candidate for
strategic defense. The ability to use phase conjugation, to reduce the tolerances in optics, to be able to
have schemes where one can have beams that are self-pointed, to do atmospheric compensation, and overtone
lasing in chemical lasers are examples. Very fundamental basic research has led to significant practical
implications for big systems. In the case of the ground-based laser, I consider the big surprise to be the
free electron laser. You've heard many testimonials toward that fact here in the talks that have preceded
mine. To be able to produce high gain with an induction device, to be able to produce very high efficiency
with the RF driven devices, the ability to do both gain and optical guiding, that is, to be able to
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outgasing and the efflunts from the spacecrafts themselves, their power systems, and their attitude control
thrusters, where one may be near the minimum in the paschen curve in some cases. And so there have been a
series of experiments conducted by SDIO and DNA. The SPEAR (Space Power Experiments Aboard Rockets) series

is another where we have looked at the ability to design systems, to be able to prevent those breakdowns,
and to do so in a way which really wasn't brute force, that is, didn't involve putting something in a

high-pressure can or in a liquid filled can, which would have been prohibitive from the standpoint of high
weight for the system. So designing systems that have insulators that operate in vacuum take advantage of
the vacuum ion sce id brean surface flash-over, avoid these things that are induced by the
outgasing of the vehicle and the production of effluents by an attitude control system or power supply.
So that's been a theme of much of our activities. I'll also point out that in addition to these breakdown
issues, that we also have the problem that the signatures and the ability to do surveillance from these
platforms may be degraded byea the t the effluent coming out can be excited, can be ionized, can be
a source of infrared, and either make a big signature which one wants to avoid, or limit the possibilities
of being able to look through it in case of the surveillance platform. So those two are issues that have
to be examined. This viewgraph shows the SPEAR experime t conducted by both DNA and DIO in 1987. This was
a conceptually simple experiment. You can see in this Y-shaped object and over here in the vacuum chamber
test on the right, a 20 centimeter diameter aluminum sphere, operated at 46 kilovolts in space. You can

see the high-voltage bushing that successfully held off the ful voltage above 100 km. SPEAR flew to an
altitude of 370 kilometers on a Black Brant 10 and did successfully demonstrate that one can design and
operate these high-voltage systems in space. It also led to a lot of interesting plasma physics. This is

a calculation done by Ira Katz and his co-workers at SQ in San Diego that shows the bipolar sheaths that
form around these things. Now, when I show a slide like this, I'm always tempted to digress into a much
longer explanation than my time will permit, but it suffices to say that one of the interesting features of
these experiments is that if you have one part of the spacecraft at +6 kilovolts, the body can float to a
very high negative potential. And whether or not this floats to a very high negative potential depends upon
whether you have an ionizing beam that comes out, as in the case of the BEAR experiment, where in that case,
the body only floated to a few hundred volts, or whether one merely ea high voltage, as in the case of this
experiment, In which case the body floated to i kilovolts. In this particular case, minus 11 kilovolts.
And there are a lot of implications abou the sheaths that form, the charged particles which bombard the
spacecraft, the life of the components, and so forth. Tom Meyer talked about BEAR and how it demonstrated
that one can build an integrate d s propagate the beam. I'll just point out further that another
thing that BEAR demonstrates is that we can build the power systems, in this case, a low voltage, solid
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state power system, indicated there by red where we have two 60 kilowatt solid state transistorized
amplifiers that provide the 425 megahertz that, in this case, drives the accelerator structure. And this
again is done strictly with solid state, low-voltage systems, and then so, at a level of about a gram per
Watt. That is very economical in terms of weight. Here is an example of the next experiment in our series,
SPEAR 2, which takes that same theme, that is of designing high voltage systems operating in vacuum, does so
with a high impedance load operating at 100 kilovolts of the kind that would be used to power either an NPB
or free electron laser, and also has a low impedance load, a high current load that powers a plasma
accelerator like a rail gun. And this thing will fly in April. And then again, we'll look at some of these
issues about high voltage, high power in space. This system is already being tested right now in a space
chamber. Let me go off into another direction. We've talked today about the ground-based free electron
laser. This is another one of those acronyms which is really a mouthfull, SMES, Superconducting Magnetic
Energy Storage. There are various versions of this, both solenoidal or toroidal. This is a solenoidal
version that we're building. This is kind of a small one about 100 meters in diameter using niobium
titanium conductors. This would store about 20 megawatt hours or about 72 gigajoules of energy, and could
be used to power, for example, a technology integration experiment for the free electron laser. But it
could also be used to load leveling for utilities. And we've demonstrated at least in pieces of the
conductor about a meter long that we can operate at the -- in one of the concepts, the 200 kiloamps and
above that we need to be able to do this. In fact, up to 270 kiloamps. So the basic pieces of this concept
have been established. This device sits in a trench so that the radial forces outward are restrained by
the earth. I'll just talk for a second about SPIOO. This is the space reactor that is all things to all
people. It is designed to cover the range of 10 kilowatts to hundreds of kilowatts. It's a fast reactor,
uses liquid lithium, uses thermo-electric conversion, operates for a 7-year lifetime, would be used in the
case of directed energy systems for station-keeping power or in conjunction with power storage for high
power burst mode applications. The most significant advances here are demonstrating uranium nitride fuel
operated in a reactor, and the thermo-electric conversion system. Similar thermoelectric elements are
operating as a part of a radiosotopic generator on the current Galileo probe going to Jupiter. But the
point that I wanted to make along the theme of civil applications is that here's an example of a program,
partially funded by SDIO, also NASA and DOE, where in the case of the SDI missions, this is a nice thing
to have that enhances the survivability of the system and makes it very small and very compact. But in the
case of applications like the Mars Mission, such technology makes the mission possible. The Mars Mission
has a lunar base as a part of the step where one goes to the moon, has a reactor system which then can be
used to produce liquid oxygen from lunar material, which can be the oxidizer for a chemical fuel rocket,
which can then be used to fly the crew to Mars in a short time and another nuclear rocket system, using
the same technology, can fly a cargo vehicle using electric propulsion thrusters to Mars in a slower time
scale. There are many other applications, too, such as air traffic radars at high altitude. But it's
really an enabling technology for many of those applications.

I will give one more example. I can recall at Los Alamos back in the 60s, when a capacitor stored three
kilojoules. Now as a result of developments, the same size can have 500 kilojoules through the development
of materials and construction techniques. There are many civil and space applications for that technology.
So let me finally end with this slide. I will try to hit a few of these points again. I think you've seen
the maturity of the directed energy technology. I've pointed out on several occasions the civil appli-
cations, and you've heard about things like the fusion plasma heating using the FEL device and the medical
applications there. To me, the surprises in the program have been things like what really is a very high
tech, physics based system, the free electron laser, working as well as it does, the fact that it does do
optical guiding, the non-linear optics, which we haven't talked about much here but have been talked about
at this meeting, I think are a real miracle and have just overwhelming implications for directed energy
systems. The disappointments that I have mentioned are all of the technologies which are so promising, but
resource limitations have prevented us from developing. Devices like the emerald excimer laser, the series
of Northrup discharge excimer lasers, the MIRACL system developed by the Navy, the chemical laser, which
although it is still being developed, is not really used as well as it could be. I also include more work
with the induction LINAC, FEL technology which is one of the many promising pathways which we just haven't
had the resources to go down. And I hope that there will be sufficient SDI resources in these technology
areas in the future. I've said enough and thank you.

(Applause)

Professor Brau:

Thank you, Dick. Are there any questions of clarification at this time? If not, I'd like to introduce our
next speaker, who is Leroy Wilson. Leroy was at the Air Force Weapons Lab for 20 years, where he was head
of the High Energy Lasers Branch, that dealt with chemical lasers, excimer lasers, iodine lasers, all kinds
of lasers. For the last two years, he's been Director of Laser Projects at Rockwell International.

Dr. Wilson:

Thank you, Charlie. I had previously seen Colonel Meyer's talk and so I knew that he was going to do an
excellent job of reviewing the current technology status. I would like to add a few comments to his review.
The United States understands the chemical lasers and how to scale them to high power. The progress has
been excellent. Excimer lasers are understood as well. They have met their performance goals. They are
very large lasers. The physics of Radio Frequency free electron lasers has been demonstrated. We have
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built all of the parts that are necessary to put together a large system. Next we have to engineer an
increase in the average power. The country is now in the position of being able to move from the higher
energy laser demonstration business toward useful laser systems.

Since I really did not want to repeat all the technical information that Tom Meyer and Dick Gullickson have
pointed out, I thought I would address my remarks today to the future of the strategic defense initiative
(SDI). In the face of current world events with the potential for nuclear arms reduction, strategic defense
initiative is going to grow in strategic importance! If there is a finite reduction in the number of
nuclear weapons and missiles, the arguments made to date for strategic defense have not changed at all.
In fact, a reduced threat makes strategic defense technically more feasible because there are less delivery
systems to deal with. Less also makes SDI more affordable. Secondly, nuclear and ballistic missile delivery
systems are proliferating at such a rate, that in our lifetimes, many nations will have the capability to
accidentally or deliberately deliver a weapon to any spot on the earth. Concepts like the SDI accidental
launch protection systems (ALPS) will grow in importance. Another difficult defensive problem that must be
faced is tactical ballistic missile systems and cruise missiles. They are significant threats and they will
also proliferate. Recently, I experienced several days of chaos after the San Francisco earthquake. There
was misinformation and the civilian infrastructure fell apart. I now appreciate how much trouble this
country could be in if there were a limited, but effective, disruption of our national command authority.
These are good reasons to continue the technological search for strategic defense. In the future, optical
verification activities, to space, and from space will increase. Moderate- to low-power laser systems such
as illuminators, laser radar, imagers, atmospheric compensation systems will be growth technologies. We
will also need high-power optical, early warning and discrimination systems. The threat will come from all
directions, not just over the pole. I would like to quote a Harvard professor. He contends that nuclear
missile weapons are stabilizing or destabilizing, depending on the eye of the beholder. And I'll quote --
"The British could destroy every city on the U.S. eastern seaboard if they wanted to. And that probably
doesn't worry anybody. The French could, too. That might worry some of you." (Eid of quote) (Laughter)
My question to the audience is, what if Cuba could deliver nuclear missile weapons to anywhere in the
world. Would that worry you? Lastly, in my eye's view, we need new SDI concepts and new technology ipto
the next century. I hope that defense becomes as exportable as offensive weapons are today, resulting in
a good, strong strategic defense by all nations. A step toward lasting world peace. The current events of
Eastern Europe are phenomenal, promising, unstable, exciting. And on the surface, it appears Gorbachev has
been a man of our times. We wish him and his country continued long-term success toward a more peaceful
world, and perhaps international exchanges such as this will convey to Russia and the other countries of
the world that strategic defense will benefit all nations in the long term. Thank you very much.

(Applause)

Professor Brau:

Thank you, Leroy. Any questions on this talk? If not, then I'd like to introduce our next panel member,
who is Joe Miller. He is Assistant ManageF of the Applied Technology Division at TRW. That's the division
in charge of directed-energy propulsion, space payloads, and a variety of other high-tech kind of things.
The first time I met Joe was many years ago when the free electron laser program first started, and I was
telling him all about this exciting stuff that we were doing. They were doing it, too. And he said well -

you know, I was in the accelerator side of things and laser side of things. And he said yes, he was in the
combustion side of chemical lasers and they started off with lots of combustion engineers and one optician,
and before long, they have 10 opticians for every combustion engineer, and he said it was going to be the
same in free electron lasers. And he was right. I have the highest regard for Joe. So, let's hear your
remarks.

Dr. Miller

Thank you, Charlie. The subject is an assessment of progress in directed energy for strategic defense.
And we've heard quite a bit of discussion that says there has been some substantial progress, and there
has, indeed. Neutral particle beam flights have clearly moved us into an engineering world in which we
have designed and operated space payloads involving beam generators and the systems that control the beams.
The alpha chemical laser has come on line and has addressed subjects that used to be called issues and now
just get called subjects. The free electron laser has advanced to the point where the nation has made a
commitment to go ahead and build a high average power device at White Sands Missile Range, and it had its
choice of two or three very good alternatives. There have been similar achievements in the beam control
technologies for the acquisition plane tracking stabilization of high power beams. Performance is clearly
substantial. The question in assessment is does it measure up to expectations or desires or needs. So we
might start with some general expectations. One is have we, in fact, found any surprises of a physics
nature. To my knowledge, every directed energy technology we're working on is progressing along a path
that is achieving the advertised capabilities. We haven't run into any fundamental limitations beyond those
dictated by basic physics understood in advance. The engineering difficulties are substantial, but they
seem to give way to steady good work. To me, the major result of the APS review of directed energy was a
resounding endorsement. I'm not sure they intended me to read it that way, but that's the way it appears
to me. And the endorsement was they didn't really uncover anything of a physics nature that said we were
trying to do something that couldn't be done. Their list of issues, if you'll think about it, are
engineering subjects. And when the physicists start telling the engineers that something can't be done,
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they are historically on shaky ground. We can ask a different question. We can ask have we done as much
as we can or should have to this point in time. And my personal opinion is no, we haven't. And I think
there are a significant number of technologies and technological objectives that are important on which
progress is slow, and then tend to be the things we haven't discussed here. And we could all make a
substantial list of those things. But the kinds of things I'm talking about are solid state lasers, for
instance, for mid-course discrimination purposes. High efficiency, reliable, low-cost diodes to pump the
solid state lasers. The use of those technologies in very high data rate optical communication systems.

The applications of the non-linear optical phase conjugations to relieve optical aberrations and
stabilization requirements in large optical systems. Related advanced technologies for the imaging and
surveillance purposes. Advanced technologies and alternatives for atmospheric propagation subjects. So
I think there are a number of subjects we haven't heard about, that aren't on the table that we could have
been working on and making substantial progress on. I think the people who say that we are technology
limited, not funding limited, are not very close to the program and don't appreciate the number of subjects
that we could be addressing intelligently and that we're not. Additionally, where we are working hard and
have made excellent progress, the work is clearly not completed. Really, we've heard about a lot of
progress on advanced components and subsystem technologies, but the advanced technologies haven't been
integrated into complete systems that achieve design and performance goals, while operating in realistic
environments. There are significant technology developments required to do this. Some of the more mature
technologies have been brought together. Here I'm thinking about things such as the MIRACL laser where
we have integrated the laser, beam control, acquisition pointing and tracking systems, and have taken the
first steps in very substantial demonstrations, and they've been reported this year. But we need to do the
same and more substantial integrations with the advanced technologies. In my opinion, the directed energy
systems won't really be taken s-riously -- and by that I mean full scale engineering developments won't be
options for consideration until and unless the technology development has progressed to reasonably complete,
integrated, large-scale experiments. In my opinion, that's the major tradeoff subject with regard to
kinetic energy weapons, not cost or effectiveness. I would take a lot of issues with the cost analysis
that we saw, and the trade-off. I think the major issue between kinetic energy weapons and directed energy
weapons has been the feeling that the kinetic energy weapons are near term, and the directed energy are a
very advanced technology that's long term. I submit that as the calendar moves, that story is changing.
Changing substantially. I think the capabilities of the directed energy systems and their effectiveness
is really very high for the missions that are considered. The programs that are aimed at tying all the
technologies together, therefore, are very important and really deserve the support of the technical
community that is working in behalf of the directed energy systems. I'd like to make one additional point.
The SDI addresses defense principally against inter-continental ballistic missiles. When we ask how is
directed energy doing in context with strategic defense, I'd like to broaden the concept of the word
strategic. I think there are other strategic assets that require defense, and I think there are other
strategic weapons that we'd better worry about. I would like to see us addressing a broad range of defense
applications for directed energy technologies in space, airborne, land, naval, and submarine assets that
contribute to our strategic positions or constitute strategic threats. An extended definition of strategic
defense would involve additional directed energy technologies, and certainly, a difference in emphasis among
the current technologies. When I say that I'm thinking about things like thick atmospheric compensation
techniques. Different forms of the chemical and free electron laser technologies. Different scenarios
for imaging and surveillance, detection and tracking, which lead to different technologies. And in specific
different lasers. For instance, blue-green lasers might loom larger if we considered the submarine more in
context with the degree to which it is realistically a threat.

So I think we should encourage this broad view of strategic defense, recognize the fact that
there are missions that are strategic in nature that go well beyond the set that the SDIO considers right
now. And then again, as a community, we ought to support that kind of a view. Thank you.

(Applause)

Professor Brau:

Thank you, Joe. Are there any questions on this talk? If not, this bring us to our last panel member,
who really needs no introduction. Edward Teller is Director Emeritus of the Lawrence Livermore National
Laboratory. His present base of operations is the Hoover Institute, but to identify him with any one
institution is to defy sociology, if not Heisenberg's uncertainty principle. Truly a scientist of the
world. At lunchtime, we were having an interesting discussion and Dr. Teller admitted that some years ago,
when he was giving a talk in Kansas, he had been favorably compared with his countryman, Zsa Zsa Gabor, but
he wasn't sure what the years had done in between. To which I would only say where is Zsa Zsa Gabor today.

(laughter)

Dr. Teller has promised that he would give us some not just interesting but provocative remarks. I look
forward to it. In minus five minutes. Take as long as you like.
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Dr. Teller:

I'd like to take a lot of time. I always imagine I have a lot to say, but I say it very briefly. There is
one point that has been often mentioned, but I feel it needs some emphasis that I ought to give it, and that
is Brilliant Pebbles. I don't like it. Merely to collide with something rather than to use the most
advanced form of lasers -- it's a scandal. It turns out that if we utilize sensors every few milliseconds,
the best of computers and (more than anything else) miniaturization, we can hit a bullet with a bullet.
It seems that we can put such an object into orbit for less than a million dollars. And of those objects,
10 percent will be in the position to find and bodily collide with any missile in its boost phase.

All this has been developing from the beginning. But only for a little more than one year has the
discussion been out in the open. There was a lot of unnecessary secrecy, and so the subject did not get
enough of an airing. As I see the situation now, the obvious and right answer is, as General Abrahamson
has suggested, to put up four, five, six thousand objects of this kind. They will be a very good defense
against an accidental launch or a really small attack.

Here I want to stop for a moment and say: to my mind, the real danger is not nuclear war. The real danger
is missile war. If the missiles carry nuclear weapons, much the worse. But even without nuclear weapons,
they may carry nerve gas, they may carry bacteriological components. There is a real danger from many
sides, and it is in the common interest, not only of the United States but of everybody, to be defended
against missile wa.. and their sudden fury. I believe that we have a strong answer to that, a good answer
that will turn out to be inexpensive. It is the Brilliant Pebbles.

I believe that the lasers have performed as promised. I was delighted to hear the positive comments on the
FEL. I believe that FEL deserves every support, and I believe it does not get enough support. But I will
try to give you a realistic picture.

We give Brilliant Pebbles priority No. 1, I am happy about it, and it is the right thing, even though it is
not the most elegant defense. That leaves lasers unfortunately in second place. But there is nothing that
can completely stop a big nuclear attack. It is probable that with the nuclear armaments that now exist,
even with all that the Brilliant Pebbles can do, a considerable number of missiles will come through. But
we will know with the help of the Brilliant Pebbles where they will arrive and we can do something about
terminal defense.

I would like to make a proposal, and, in sharp distinction to what I have said so far, this proposal is
completely mine. I'm just talking about what I imagine. What is the reasonable position that lasers,
FEL's, the best of them, can play in the near future. And I want to give you an example for I think a good
reason. I want to defend Southern California. (laughter) Guess why? Because there are living in Southern
California more than 10 million people. Because the value involved is more than a trillion dollars. These
two are obviously not sufficient reasons. The third reason is that I am worried about space lasers, I am as
happy as others are about ground-based lasers, together with mirrors that are thrown aloft when an attack is
coming. And for that, it would be very good to have good weather. And Southern California is my choice
because it has these three things together: people, investment and good weather. I mean the weather in the
Western Mojave Desert. There is where I would like to see one or two or three, 100-megawatt lasers. With
rubber mirrors, appropriately adjustable mirrors, in readiness.

Such an arrangement would serve a minor role and a major role. The minor role is that with the 100-megawatt
laser, giving it energy, it can participate in the discrimination of oncoming objects from a distance of
1,000 miles and thereby make contributions to the defense of much of the West Coast. That's a minor point.
The major role is that in direct derense in that location, a 100-megawatt laser could destroy from a
distance of approximately 100 miles many incoming missiles. By rapidly reorienting the mirrors, you
probably could stop, actually destroy, hundreds of incoming missiles.

I am talking here about an estimated cost of at least a billion dollars per laser. Probably it will amount
to 10 billion dollars for a system of three lasers plus mirrors and launching equipment. This program could
be executed, I believe, before the year 2000.

This would be one of several things that we should be doing to defend important locations against the
missiles that escape destruction by Brilliant Pebbles in the booster phase. In other words, it is
reasonable to use Brilliant Pebbles. It is necessary to realize that they won't do the whole job.

Now, I would like to make one last remark. There is this Glasnost and Perestroika. It is nonsense to
disregard these changes. It is also nonsense to believe that we can draw firm conclusions. Actually, there
is a danger of premature relaxation. There is an opportunity for new initiatives because Gorbachev is not
only highly intelligent, he is highly imaginative, and he is willing to make initiatives. Therefore, he
possibly is willing to listen to initiatives. We should stick to the statement that SDI is not an effort
to defend the United States. SDI is and should be a method to defend everyone. If we could find a way how
to do that, not by cooperation between the Soviet Union and the United States but by cooperatioa between
everyone who is capable to cooperate. Then I believe we can talk about very real progress. Thank you very
much.
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Professor Bra:

I certainly wasn't disappointed. Thank you. Are there any questions on this last talk? Okay, if not,
then I want to remind you that following the break for which we'll take 20 minutes, that is until 10 after
4, there will be a question and answer session where you can ask anything you like - within limits, of
course. I would like to say that I'm going to broaden the charter of this panel to include the question
of the impact on SDI technology of the recent events in Eastern Europe. So do come back.

QUESTION TIME

Professor Brau:

I'd like to call together the second half of the panel discussion for this afternoon. Before starting out,
I'd like to make one announcement to remind you that there is going to be a cajun cocktail party tonight at
6 o'clock in Hall C. The questions that are before us for this discussion are nominally, what has happened
in the last few years in SDIO, and in particular, I think that those things that have happened that changed
the complexion of SDIO in one way or another are most important. Although there have been lots of
interesting things that have happened that don't change the complexion or the strategic balance. To that I
would add the question of what is the effect on EDI technology of the events in Eastern Europe in the last

few months. I think that the changes are remarkable. It appears that the changes are going to be
permanent, and SDIO should adapt to them, and I think that the technology may change in significant ways.
If we have a complete nuclear disarmament, do we need SDI0? What does that do to the technology? So I open
the panel to questions from the floor. And let's hear what you have to ask.

Question:

Would you comment on the impact of lasing without inversion?

Professor Scully:

The physics or the political impact? (laughter) Well, since you are a friend for many years, I'm sure
that's a friendly question. And so can I respond with another friendly comment, namely, tomorrow at 8:30,
there will be a 30-minute discussion of precisely that point. But the bottom line is simply that if you
have two transitions that end in one common state, then you can - not can, but must add probability
amplitudes before you square. And in that sense, you can have quantum interference and cancellation of
absorption.

Dr. Teller:

You must do that, and you get an interference phenomenon if the two states have a phase relation.

Professor Scully:

The two lower states, yes sir. Only if the two lower states have an appropriate phase relation, right.

Dr. Teller:

Fine. If you have one upper state and two lower states with a phase relation, then I understand you have a
new situation. How do you get that phase relation?

Professor Scully:

Good point. Because if you have collisions, for example, you would expect that phase relation to be washed
out. It turns out that if you use coherent Raman preparation, you can produce a stable phase relation which
persists even in the presence of collisions. And this has actually been done in the laboratory. That's the
exciting part.

Dr. Teller:

Please excuse me for asking a question. But after all, physics should come first.

Would somebody address the offensive potential of strategic defense?

1150



Dr. Patel:

Let me answer the first question. The question was, can the directed-energy weapons or some other SDI
technology be used for destroying the stable, relatively stable space-based assets of the other side? The
answer is yes. As a matter of fact, both power levels, as well as the operational capabilities required for
destroying space-based assets are significantly lower than what you would need for destroying incoming ICBMs
or re-entry vehicles. There are many reasons for this. You know where the satellites are. They go in
predetermined orbits. In addition, the satellites are not as well hardened against attack as would be, for
example, a re-entry vehicle. So clearly, that potential does exist. And that potential is even more
serious for a pop-up x-ray type of weapon, if and when such a thing exists. So the answer to your question
is yes, that opportunity always exists for offensive/strategic defense weapons.

Dr. Teller:

I would like to look at it a little differently. Anything can be used as an offensive weapon. The SDI
weapons are specifically designed against specific targets. They are not weapons of mass destuction. The
one specific target which I think is the most important to destroy is an offensive weapon coming at you.
There are other specific targets that one might destroy, and as Kumar has correctly pointed out, one such
vulnerable target is a space asset. I would say that there are many other ways to destroy space assets.
We can do it today with existing weapons with the greatest ease.

I believe that the main role of a defensive weapon is defense. They can be used for offense as well. But
to design these things, to use them when we have more effective weapons for the same purpose does not make
much sense. So the development of defensive weapons is clearly for the purpose for which it is stated. For
offense, we have terrible things like the hydrogen bomb, which is a million times more effective than SDI.
But for the specific purpose of SDI, SDI is the best.

Professor Brau:

Any other response to that question? If not, is there another question from the audience? Go ahead.

Question:

Could someone comment on the negative aspects of using directed-energy weapons for tactical applications.

Professor Brau:

Who would like to respond to that?

Dr. Teller:

I'd rather respond to the response.

(laughter)

Dr. Miller:

So would we all.

Professor Brau:

I wonder if you have a specific negative aspect in mind that we could deal with more easily?

Dr. Teller:

Let me try to put it this way. We prepare for conventional war. A hundred years ago, it would have been
highly unconventional, but today, a tank battle is conventional. I can change Brilliant Pebbles, I believe,
in such a way that it can be used against tanks. A million dollar tank can be destroyed by a $200,000
Brilliant Pebble. If I have that weapon and the opponent does not have it, then I can win a tactical
engagement. In this sense, it is a tactical weapon. If, on the other hand, we use this opportunity of the
common menace to all humanity to develop whatever we are developing internationally with the participation
of all, including the Soviet Union, then the result of Brilliant Pebbles, which is anti-tank, will be that
the tanks will go out of fashion.

Professor Brau:

Any other responses to the question?
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Dr. Miller:

There are some other dimensions. I think in general, the fact that lasers are pinpoint-like devices and are
very precise and relatively expensive as objects mean that they're useful when you have a very precise
target you want to go after, and it is worth going after with a system of the value of the laser. The other
side of the economics is once you've established that system, it is not very expensive for each shot because
you're using the consumables that feed the laser, and it trades off well in comparison to missiles that
carry bombs on their warhead and things of that type. That's true in the tactical arena, as well as in the
strategic arena. So it has its place. A weapon is a weapon. A weapon can be offensive. It's an offensive
weapon if it's in the wrong hands, which is what Dr. Teller was saying in essence when he was waving his
knife at me. (laughter) The laser, in my opinion, affords one of the more careful uses of a weapon by its
inherent characteristics.

Dr. Patel:

Let me comment on something that has come up twice today. It has to do with the cost of Brilliant Pebbles.
I've heard two numbers, one something like $200,000 to a million dollars. But it doesn't matter, that
factor of five I'm not worried about. People who are in the business of making reliable systems, and I
consider myself in that business, I'm in the business of making underwater light wave repeaters for the
trans-Atlantic cable, and I know what reliability costs. Systems have to be reliable, and these systems
have the high-technology requirement that has been placed on it. The Brilliant Pebble is far more
technologically complex than an underwater optical repeater. Unless we make tens of millions of these,
there is no way -- and I'm willing to stand on it -- there is no way that you can make one of these things
for a million dollars. So let's just not bandy around a million dollar number because nobody has costed
these out. I suspect that reliability requirements for space applications will not allow that kind of cost
figure to be met.

Dr. Teller:

Just one slip to be corrected. Nobody has talked about tens of millions of these objects. We have talked
about a few thousand, and rather than repeating earlier arguments about science and engineering and
reliability on which we do not completely agree, I would like to add something about Brilliant Pebbles which
is not established but which is a direction in which I'm looking. I would like to see Brilliant Pebbles not

with a lifetime of 30 years, which could be done, but with a lifetime of three years. I would like to have
reliability for a shorter time, which is easier to establish. At the same time, the field in which we are
moving is so new that in three years, what we put up is probably obsolete and can be replaced by something
better or more reliable.

Quite obviously, the difference between me and the previous speaker is a systematic difference between an
optimist and a pessimist. And I would like to add to that a definition. My definition of a pessimist is a
man who is always right but doesn't get any enjoyment out of it. (laughter) On the other hand, an optimist
is a person who imagines that the future is uncertain. And I claim that if we are optimists, we might even
do something about reliability.

Dr. Patel:

I'll just make only one comment on that. (laughter) I'm neither a pessimist nor an optimist, I'm a realist
because I deal with a situation in which every day when I get up in the morning, I have to make sure that
the Japanese or other competitors haven't done something that has made my business obsolete. Which means it
is dollars and cents and nobody's going to bail me out. So I do know something about engineering designs to
reduce costs.

Dr. Miller:

I think the systems that we're talking about sometimes call for imaginative solutions, and they may not be
borne in the past. If reliability is so very expensive -- and I agree, it is -- why don't we forget about
it? And one of the ways you might think in context with Brilliant Pebbles, if you have a lot of these
things, a hundred of them up there and you only need one or two to do your mission, you only need 2 percent
reliability, you know. So I'll compromise at 80 or 90 percent, everybody agrees. That's not expensive like
the five nine's reliability is expensive. And I think there are other solutions to these subjects that we
close our minds to at times, and we need to open our minds to those. And they change these arguments.

Do the other countries agree that SDI should be for the defense of the world and not just the United States?
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Dr. Teller:

So far, the United States has offered cooperation, generally, and we have today written agreements with
Great Britain, West Germany, Israel, Italy and Japan. Now, the two problems are the Soviet Union and of
course, France.

(Laughter)

Professor Brau:

Are there any other responses? Marlan?

Professor Scully:

I had the pleasure of talking with a Soviet colleague at the coffee break and we were discussing some
particular aspect, and I said what do you suppose Teller would say to that? And so we said, let's go and
ask him. And he made a very interesting remark. Maybe I can get him to make it in public concerning war
being something different than peace, etc, etc.

Dr. Teller:

Peace is not the absence of war. Peace is cooperation which removes the reasons for war. And that is the
opportunity we have in the joint development of defensive weapons. And I hope that this can be made
effective enough and persuasive enough so that individual countries, like Libya, won't find a way to stay
out of it.

Colonel Gullickson:

Leroy has encouraged me to make a few comments about the international nature of the SDIO program. I guess
I would like to follow Dr. Teller's remarks about the various international collaborations by saying that
some of the advances that you heard about today in the directed-energy program, for example, the ability to
operate neutral particle beam systems with continuous power are now being implemented in what's called the
continuous wave deuterium demonstrator. Some of the other long-term advances on NPBs are related to the
ability to make a CW negative ion source, which has been a joint project with the U.S. and Cullum Laboratory
in the UK. Certainly some of our advances in being able to simplify manufacturing procedures for large
mirrors relate to the (German) Schott process for spin casting of large optical blanks for mirrors for
telescopes. That's been a very important process. We have promising activities going on with regard to
short wavelength chemical lasers in Israel, for example. There are several other interesting developments,
as well. So I guess a point that I would make is that not only do we have these international
collaborations, but have gotten great benefit from them. And so there are many good examples of how these
things are contributing to a united, universal SDI system.

Dr. Patel:

One point of clarification I would like to ask those of the panel members who have said that there are
international collaborators in the SDI effort. Do any of these countries put in their own money into
supporting SDI?

Colonel Gullickson:

I would like to respond to that one. The Ministry of Defense, specifically the Royal Aircraft
Establishment, funded the ion source development for what was to have been called the Neutral Particle Beam
Integrated Space Experiment, for which SDIO awarded a contract to McDonnell Douglas several years ago.
Unfortunately, that was one of the victims of the funding limitations that we had, but it was funded by the
Ministry of Defense of the UK. If I sit here long enough, other examples will occur to me.

Dr. Teller:

Let me perhaps put in a factual answer to Kumar. An answer that I think cuts in both directions. The
example I have in mind is Israel. It is a very interesting case in that it is SDI that is the department
that made the agreement, but the menace is the SS21 rocket. So it is clearly a case of rocket defense
rather than nuclear defense. Now, I have been arguing for that, and I have been in a funny position because
I did make Kumar's point that we should support the Israeli effort, but only if the Israeli's made a
contribution. The original U.S. position was that it should be done on a 50/50 basis. The Israelis found
it impossible to accept that. The program does go ahead now and it is an official treaty. The Israeli
contribution is 20 percent. The manpower comes from Israel, and the result, the defense against short-range
missiles, is of course of vital interest to them. It is also of interest to us directly because of the
possibility of offshore submarines. So Kumar will obviously say 20 percent is nothing. And I will
obviously say that 20 percent is something.
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Professor Brau:

Are there any more questions from the audience? Yes.

Question:

Is there another alternative defense that we should consider?

Dr. Johnson:

Well, I comment that it's the very short timescale and, heretofore, the impossibility of defending against
ballistic missiles that has been viewed as the worst condition associated with nuclear weapon stability. It
certainly has been a stated goal associated with SDI to eliminate the threat of ballistic missiles, and so
it may be asking too much for the SDI program to do more than that. I guess I would consider that prompting
that kind of reaction would have been a great success for the program. Nevertheless, it raises the kind of
overall policy issues that you mentioned, especially in light of the lack of a major program in air defense,
for example. But certainly the change in the timelines is an important one. And it at least seems to be
addressing perhaps the most difficult part of the problem first.

Professor Brau:

Are there any other responses to that question? If not, are there any further questions in the audience?

(inaudible question)

Professor Brau:

I'll try to summarize that question. It seems that the situation is changing, and if you regard a proper
defense as a balanced defense, based on the threat you see, as the threat seems to change, why are we saying
that the defensive means should be the same? Who would like to respond to that? Edward first?

Dr. Teller:

I am quite eager to respond to that because to my mind, the answer is quite straightforward. For decades,
the United States made a horrible mistake, the mistake of completely neglecting defense and setting all the
deterrents on the one point of retaliation. The result was a badly unbalanced situation. Officially, a
change in that situation was proposed in March 1983. But in the meantime, we continue to spend much more
money on weapons of retaliation than on weapons of defense. My answer to the question is yes. We should
reduce our military budget. But it is not the defensive aspect that we should reduce. We should reduce the
effort on further expenditure on retaliation. And the reason for that is that we still have not adjusted
the imbalance between defense and offense. The second reason is that defensive work is the one thing that
can stimulate cooperation so that we defend not only ourselves but others as well.

Professor Brau:

Leroy, have you got a comment?

Dr. Wilson

My observation of strategic defense is basically that there is no deployment in strategic defense. There
are no decisions to that. We are not, in fact, doing or accomplishing these sort of systems. We're doing
the research to see what the feasibility is. We're doing the things to try to understand what's going on,
and I believe that we should continue to do that research and expand that so that we can come up with better
ways to do this than we really see conceptually at this point in time. I don't believe we should escalate
at all unless there is a tbreat that would allow us to -- or demand that escalation. All you've really seen
is research today.

Professor Brau:

Next question. The question is what should be the relative role of IST in SDI. IST is Innovative Science
and Technology?

Colonel Gullickson:

Well, let me focus on -- first of all, there is no one left here who directly represents SDI so we can all
say what we want to. At DNA, we get a little bit of our money from SDI from the Innovative Science and
Technology office, as well as from other offices there. So first of all, I would say that there are various
camps, and I'm certainly firmly in the middle of the research forever camp, and therefore, advocate the
largest possible share of the budget for innovative science and technology. By the same token, having been
Pt an organization like that, a "6.1" (the DOD budget category that denotes basic research) organization in
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the DOD, the Air Force Office of Scientific Research, having been at DARPA, and having been at SDI, the
thing that I would say makes the difference is the ability of SDI to do integrated experiments. We are kind
of at the boundary right now where barely can the SDIO afford to mount these major experiments in space.
And I think that makes all the difference - the ability to do those things in space, to do the Zenith Star
Chemical Laser experiment, to do the large neutral particle beam shuttle-based experiments, to do the
pointing and tracking experiments, to do these space activities like the homing overlay and the delta series
that involved intercepts in space. And I think those crucial technology integration experiments are the
difference that really is central to determining the feasibility of these concepts. And I wouldn't like
to see that ability slip away by giving all of the money to basic research, but clearly, there isn't enough
for it right now.

Dr. Killer:

I'd like to respond to both of the last two questions, the prior one which sort of made a statement about
what our position was, that I don't feel represents what many people here have been saying and what I've
been saying. I think the people in general working on directed energy are working on the longer term
technology, and they're interested in the more basic subjects and the longer pull. And it's obviously a
very difficult trade-off from within the government, and probably everybody at this table is not competent
to deal with the trade-off between deployment decisions and nearer term systems that have other benefits
and the directed-energy bit. In general, the people working on directed energy are really interested in
basic advance technologies that have play in the longer range. I'd like to carry that a step further. I
think that in the IST, there are some technologies being supported, and I'll pull out as an example, super
conducting electronics, both the development of materials and the reduction of those to circuits and
electronic systems, that are enormous long-range potentials, and in my opinion, they are under supported,
period. Obviously, there are all these pressures, but I would push that the United States of America and
the defense establishment in particular should be supporting more enthusiastically and more strongly these
advanced technologies that will make the major difference in the future.

Dr. Wilson:

I'd like to make a comment. When I was in the government, basically, it was in the business of doing
technology, trying to understand the physics and the chemistry of the various laser systems. Those
technology efforts no longer exist. They simply are not supported anymore, so there is not a broad base
of support in the business at this particular point-in-time. And that's one of the things - one of the
dilemmas that we have with SDIO.

Dr. Teller:

I would like to make a remark, not in answer to any question. With my last chance to say anything, I want
to mention the x-ray laser. It has played a role in an attempt at defense, which is promising but clearly
as yet quite incomplete. At the same time; the x-ray laser gives opportunities to get a three-dimensional
picture, a hologram of a living cell, not only because it can get a better resolution, but because its
penetration through the cell. Even without extreme resolution, it would already give considerable
biological information. We have not used nuclear experimentation for research to a great extent because of
unnecessary secrecy. I find now a climate in Washington where a program of open research with the help of
the x-ray laser on biological questions could be stimulated and could be put into effect. That is only one
of many examples how nuclear explosives could be used openly in service of research.

I would like to leave with you a point: It may be worthwhile to consider in integration whereby nuclear
explosives can be put into service of research, and this will be the more easily accomplished, the more our
efforts toward peace will be based on an international effort rather than on an isolated effort.

Let me say that I am very grateful to have had the opportunity to be here and also particularly to address
these points. I believe that a changed situation gives some hope that there will be progress in this field
in the next few years.

Professor Brau:

I think that brings us to 5 o'clock, and on the note of a thermonuclear microscope, I think we're not going
to come up with any more provocative ideas than that, so I declare this session at an end and invite you to
come up and talk to these people individually. Thank you very much for your questions.

(Applause)

1155



AUTHOR INDEX
A - Abdelatif, G. - 13 Chitanvis, S. M. - 703

Afshar-rad, T. - 40 Chizhonkov, E. V. - 317
Ahola, R. - 1010 Choi, K. - 933
Alaverdian, R. B. - 865, 873 Chong, Y. C. - 849
Albrecht, G. - 469, 490 Chow, Y. C. - 995
Aldag, H. R. - 376 Christiansen, W. - 668
Alfano, R. R. - 441, 1065, 1068, 1074 Chung, H. J. - 270
Altman, W. P. 1122 Chung, Y. C. - 892
Alley, G. T. - 1081 Colao, F. - 574

Anderson, R. - 611 Comaskey, B. - 469
Apkarian, V. A. - 121 Comeford, J. - 567
Apollonov, V. V. - 330, 338 Connally, W. J. - 630
Apruzese J. P. - 7 Conrad, R. W. - 552
Arakelian, S. M. - 865, 873 Cook, J. L. - 458
Armstrong, R. L. - 664, 717 Copeland, D. A. - 189
Atanessian, V. G. - 618 Crago, K. T. - 434
Avicola, K. - 630 Cutolo, A. - 1054

Czuchlewski, S. J. - 88, 102
B - Babbitt, W. R. - 899

Baitsur, G. G. - 330 D - Dane, C. B. - 127
Barber, R. D. - 531 Dattoli, G. - 172
Barbni, R. - 574 Davenport, W. E. - 403, 408, 531
Barnes, J. C. - 544 Davis, J. - 7
Barrow, V. - 40 Davis, S. J. - 228, 247
Batyrbekov, G. A. - 289 Davis, S. L. - 995
Beach, R. - 469, 490 Day, T. - 498
Beausoleil, R. G. - 899 De Silvestri, S. - 1046
Bergeron, M. E. - 1077 DeBias, D. A. - 984
Berkstresser, G. - 469 Deeney, C. - 21
Bjork, C. A. - 638 Delaporte, P. - 69
Blink, J. A.-458 Dempsey, J. K. - 531
Blodget, J. - 638 Derzhavin, S. I. - 338
Bloom, S. H, - 933, 941 Derzhiev, V. I. - 251, 301, 306, 311
Bobbitt, D. R. - 743 Dhez, P. - 13
Bollanti, S. - 139 DiCicco, D. S. - 27
Borovskii, A. V. - 317 Di Lazzaro, P. - 139, 731
Bower, R. D. - 153 Ding, Y. J. - 802, 843
Boyer, J. H. - 434 Dong, J. X. - 858
Brandle, C. - 469 Dornfeld, C. - 782
Brau, C. A. - 1135 Drnoian, V. E. - 865
Braud, J. P. - 37 Duarte, F. J. - 373, 549, 552, 1135
Brown, A. J. W. - 134 Dubinsky, R. - 579
Brown, D. L. - 449 Dulaney, J. L. - 1122, 1129
Brown, D. R. - 347 Duzy, C. - 675

Brown, K. G. - 347
Buczek, C. - 630 E - Ebstein, S. M. - 675
Bugaev, A. S. - 1092 Edwards, J. - 40
Bukatyi, E. V. - 1088 Ehrenfeuchter, W. - 984
Bulow, H. v. - 1061 Ehrlich, J. J. - 403, 408
Byer, R. L. - 457, 498 Eichler, H. J. - 949

Elkins, R. K. - 371
C - Caloi, R. - 172 Endoh, A. - 116

Canerelli, P. - 69 England, K. M. - 984
Caramana, E. J. - 659 Epstein, H. M. - 1122, 1129
Cardimona, D. A. - 832, 838 Ermachenko, A. V. - 330
Carlisle, C. B. - 624 Escher, G. - 1020
Carrillon, A. - 13 Everett, P. N. - 383, 393
Cates, M. C. - 96
Chang, I. F. - 1038 F - Falter, D. D. - 1081
Chang, Y. J. - 964 Falter, K. G. - 1081

Chen, C. H. - 373 Fang, H. - 172
Chen, J. S. - 1038 Fedenev, A. V. - 1092
Chen, J. W. - 145 Figueira, J. F. - 58, 88
Chen, K. Y. - 1038 Fincke, J. R. - 278
Chernek, P. A. - 1077 Firsov, K. N. - 330
Cheville, A. - 164 Fisher, C. H. - 134
Chew, L. - 668 Fleming, P. H. - 1081
Chilingarian, Y. S. - 865, 873 Fletcher, L. - 567

1156



Flora, F. - 139 Joeckle, R. - 1025
Fontaine, B. L. - 69 Johnson, K. 1135
Forestier, B. M. - 69 Jones, G., II., - 426
Foster, D. R. - 373 Jones, J. E. - 88
Freed, C. - 510 Joseph, J. - 434
Fritz, J. - 1031 Justus, B. L. - 644
Fuhr, P. L. - 914, 1002
Fujiwara, H. - 795 K - Kajenski, P. J. - 1002

Kaplan, A. E. - 802, 843
G - Gabbanini, C. - 1109 Karaian, A. S. - 865

Galkin, A. L. - 317 Kardash, I. V. - 317
Gallery, W. 0. - 725 Karelin, A. V. - 251, 311
Gallucci, V. - 63 Karpov, T. N. - 1116
Gao, H. Y. - 858 Karpov, V. B. - 325
Garner, S. - 434 Karr, T. J. - 693
Gauthe, B. - 13 Kashyap, R. - 1065
Gelbwachs, J. A. - 928 Kauffman, J. M. - 420
Gevorkian, L. P. - 873 Kelley, C. J. - 420
Ghiorghis, A. - 420 Kesters, L. - 1042
Giardini-Guidoni, A. - 731 Khurgin, J. B. - 843
Giordano, G. - 139 Kilpela, A. - 1010
Gobel, E. 0. - 782 Kim, D. - 27
Godlevskii, A. P. - 1099 Kinser, D. L. - 1020
Goldstone, J. A. - 826 Klimek, D. E. - 376
Gonzales, R. - 722 Kline, D. - 180
Goovaerts E. - 1008 Klingshirn, C. - 782
Gordov, E. P. - 1099 Klisnick, A. - 13
Gorny, S. G. - 1116 Knight, F. K. - 555
Gozzini, S. - 1109 Knyazev, I. N. - 325
Greene, C. H. - 984 Korevaar, E. - 933, 941
Greene, D. P. - 96, 767 Korobkin, V. V. - 317, 325
Greve, P. - 482 Kostamovaara, J. - 1010
Griff, N. - 180 Koval, N. N. - 1092
Guasti, A. - 63 Krishnan, M. - 21
Gullickson, R. L. - 1135 Krohn, B. J. - 102
Gulov, A. V. - 306 Krupke, W. - 469, 490
Guo, C. L. - 843 Kulkarni, S. R. - 587
Gustafson, E. K. - 498 Kumar, D. - 753, 757
Guthals, D. - 808 Kunkel, D. L. - 914
Gylys, V. T. - 153 Kuranishi, H. - 110

H - Hagelstein, P. L. - 34 L - Lackmann, R. - 1031
Haglund, R. F., Jr. - 1020 Landry, M. J. - 882
Hanson, D. E. - 102 Laporta, P. - 1046
Hara, K. - 359 Lassahn, G. D. - 278
Harmon, J. F. - 1077 Lele, A. S. - 587
Harris, D. G. - 153, 826 Leonelli, J. - 567, 624
Heilig, D. - 984 Letardi, T. 139, 731
Herbelin, J. M. - 241 Leung, C. Y. 1038
Hess, R. V. - 347 Leuven, K. U. - 1042
Hinshelwood, D. - 21 Lin, Y. - 443
Ho, P. P. - 1065, 1068, 1074 Lingle, R., Jr. - 960, 964, 968
Hofmann, T. - 127 Lisi, N. - 139
Holland, P. - 567 Lissit, S. - 180
Holmes, R. G. - 816 Liu, C. - 1074
Hopkins, J. B. - 960, 964, 968 Liu, C. S. - 933, 941
Hoy, G. R. - 52 Lopota, V. A. - 1116
Hu, P. H. - 709 Lou, Q. H. - 858
Hun, Y. 9. - 858 Loveland, R. B. - 722
Huston, A. L. - 644
Hvam, J. M. - 782 M - Macdonald, R. - 949

Mack, J. M. - 88
I - Imachi, M. - 223 Magni, V. - 1046

Iwata, A. - 359 Makarov, B. A. - 873
Malish, M. M. - 1116

J - Jacoby, M. T. - 826 Mangir, M. S. - 487
Jellison, G. E. Jr., - 1081 Marquet, L. - 638
Jaegle, p. - 13 Mathieu, P. - 501
Jamelot, G. - 13 Matise, B. K. - 725
James, R. B. - 1016 Matsuzaka, F. - 223
Janssen, P. - 1008, 1042 Maynard, D. N. - 914
Jethwa, J. - 116 McCown, A. W. - 102, 767

1157



McDuff, 0. D. - 920 Reed, M. - 457
McGlynn S. P. - 753, 757 Renner, R. - 782
McPherrin, D. - 567 Rentzepis, P. M. - 788, 953
Mehta, N. C. - 683 Rezaie-Serej, S. - 52
Melcher, P. C. - 96 Rivers, M. - 933, 941
Mele, A. - 731 Robertson, K. L. - 96
Mesyats, G. A. - 1092 Rochelle, J. M. - 1081
Metcalf, H. - 906 Rockwell, D. A. - 487
Meyer, T. - 1135 Roe, M. G. - 644
Miley, G. H. - 270 Rogers, M. E. - 1077
Miller, J. - 1135 Romero, V. 0. - 96
Miller, J. C. - 737 Roose, S. - 990
Mitchell, S. - 469 Rose, E. A. - 102
Mittas, A. - 882 Rostler, P. S. 376
Miyanaga, S. - 795 Rudoy, I. G. - 1116
Mizoguchi, H. - 116 Rupert, J. W. - 882
Moi, L. - 1109 Rupnik, K. - 774
Montierth, L. M. - 278 Rupp, W. - 482
Mordijck, A. - 1042 Rushford, M. C. - 693
Morone, A. - 731 Ryzhov, V. V. - 1092
Morris, J. R. - 693
Morse, R. - 659 S - Saburov, V. A. - 1116
Morton, R. G. - 630 Salesky, E. T. - 703
Mouroulis, P. - 978 Salimbeni, R. - 63
Muendel, M. H. - 34 Saltiel, S. M. - 953
Mullins, W. D. - 531 Sauerbrey, R. - 127, 164
Mundinger, D. - 490 Sawano, T. - 212
Murray, J. R. - 693 Schafer, F. P. - 116
Myers, J. F. - 376 Scheps, R. - 376
Myers, R. - 675 Schina, G. - 139
Myllyla, R. - 1010 Schoemaker, D. - 1008

Schryer, D. R. - 347
N - Nash, T. - 21 Schwab, H. - 782

Nassisi, V. - 145 Scully, M. 0. - 1135
Nazarian, A. N. - 618 Seas, A. - 441
Neister, S. E. - 363, 408, 415, 420 See, C. W. - 972
Netz, D. A. - 88 Seka, W. - 449
Neuman, W. A. - 278 Seliskar, C. J. - 420
Newman-Wolfe, R. E. - 995 Semenov, S. K. - 330
Nicholas, A. S. - 984 Sentis, M. L. - 69
Nishioka, H. - 110 Sereda, 0. V. - 301
Noll, G. - 782 Sergoyan, E. G. - 134
Noraev, D. A. - 338 Shah, M. - 434

Shand, M. L. - 465
0 - O'Brien, S. G. - 725 Shang, S. Q. - 906

O'Loughlin, J. F. - 1122 Sharin, P. P. - 1099
Ohga, T. - 223 Sharma, M. P. - 832, 838
Olson, T. - 630 Shchanin, P. M. - 1092

Ortega, M. A. - 832 Shimizu, K. - 218
Shirakura, T. - 354

P - Pace, P. - 501 Sidney, B. D. - 347
Pacheco, D. P. - 376 Silfvast, W. T. - 1
Palucci, A. - 574 Singh, J. P. - 854
Panchenko, A. N. - 1088 Sirotkin, A. A. - 338
Papazian, T. A. - 873 Skakun, V. S. - 1092
Park, D. Y. - 449 Skinner, C. H. - 27
Patel, K. - 1135 Slatnick, K. - 933

Pegarkov, A. I. - 1103 Smith, D. B. - 737
Perram, G. P. - 232 Smith, R. - 40
Perrone, M. R. 145 Sneddon, J - 750
Petricevic, V. 441 Snels, M. - 731
Pini, R. - 63 Solarz, R. - 469, 490
Politzer, I. R. - 434 Solimeno, S. - 1054
Prasad, R. R. - 21 soroka, A. M. - 1116
Prelas, M. A. - 263 Sox, D. - 808
Prokhorov, A. M. - 325 Spellicy, R. L. - 725

Spillman, W. B., Jr. - 1002
Q - Quigley, G. P. 659 Stephens, J. R. - 659

Steppel, R. N. - 420
R - Rahman, M. A. - 426 Stijns, E. - 990

Rapoport, L. P. - 1103 Stone, J. - 709, 826
Raucourt, J. P. - 13 Suckewer, S. - 27

1158



Sugawara, H. - 354 W - Wada, A. - 354
Sumner, R. - 978 Walters, C. T. - 1122
Supplee, J. M. - 761 Wang, L. M. - 1074
Svelto, O. - 1064 Wang, P. W. - 1020
Swart, P. H. - 80 Wang, Q. Z. - 1065, 1068
Swartzlander, G. A., Jr. - 843 Warren, R. - 567
Sze, R. C. - 76, 526 Watt, R. G. - 88

Webster, R. B. - 659
T - Takuma, H. - 110 Weeks, R. A. - 1020

Tallman, C. R. - 88 Wei, Y. R. - 858
Tarasenko, V. F. - 1088, 1092 Westbrook, R. D. - 1081
Taylor, R. D. - 52 White, F. E. - 134
Taylor, T. S. - 403 Whitley, R. - 826
Teghil, R. - 731 Whittaker, E. A. - 761
Teller, E. - 1135 Willi, 0. - 40
Terskih, A. 0. - 306 Williams, W. H. - 270
Thati, D. - 920 Willscher, M. K. - 228
Thomas, S. J. - 88 Willsky, A. S. - 587
Tittel, F. K. - 127, 164 Wilson, L. - 1135
Tokunaga, N. - 354 Wilson, W. L. - 127, 164
Tolk, N. H. - 1020 Witters, J. - 1008
Torczynski, J. R. - 255 Wong, S. - 501
Torre, A. - 172 Woolston, T. L. - 882
Trifonova, T. A. - 618 Wu, J. S. - 1038
Tugov, I. I. - 1103
Tulip, J. - 501 X - Xu, X. B. - 960, 964, 968
Turansick, R. - 638
Turchanovsky, I. Y. - 1092 y - yakovlenko, S. I. - 251, 301, 306, 311
Turner, T. P. - 88 Yamaguchi, M. - 354
Tzeng, S. L. - 1038 Yamaguchi, S. - 127

yamamoto, H. - 354
U - Uchiyama, T. - 223 Yang, T. T. - 153

Ueda, K. - 110 Yee, Y. P. - 722
Ueda, Y. - 359 york, G. W. - 659
Uequri, S. - 359 Yoshida, S. - 212, 218
Upchurch, B. T. - 347 young, F. C. - 21

young, W. L. - 984
V - Vaez-Iravani, M. - 972 Yu, C. - 849

Valentine, K. H. - 1081 Yu, S. C. - 960, 964, 968
Valentini, G. - 1046 yueh, F. Y. - 854
van der Laan, J. - 567, 624
Van Norman, J. D. - 347 z - Zapata, L. E. - 458
Van Wonterghem, B. - 788, 953 Zeni, L. - 1054
Vannini, M. - 63 Zhang, G. - 1074
Viligiardi, R. - 63 Zhang, T. 164
Volkovitsky, 0. A. - 651 Zeyfang, E. - 1061
von Bergmann, H. M. - 80 Zheng, C. E. - 139
vonDadelssen, M. - 134 Zhidkov, A. G. - 301, 306, 311
Voorhees, D. - 27 Zhiliba, A. I. - 1099

Zhou, H. - 849
Zuppini, D. - 1109

1159


